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INTRODUCTION 
Zinc has been recognized as an essential nutrient for 
higher plants since the 1920's, but there was evidence in the 
19th century that Zn was essential for some fungi. 
Historically, the incidence of micronutrient deficiency 
increases as the frequency of macronutrient deficiencies is 
reduced through fertilization and increased demand is put on 
crops and soils to produce higher yields. Sparr (1970) sum­
marized the results of four recent micronutrient surveys con­
ducted in the Uc8«A, and reported that 39 states now make 
recommendations for Zn. While all states bordering Iowa have 
reported Zn deficiencies, the problem is greatest in the states 
to the west and north of Iowa. In I968, over one-third of the 
Zn sold for agricultural use was sold in the western com belt 
states. Zinc deficiency occurs frequently in Nebraska on 
soils from which topsoil has been removed and on soils with 
high P levels. Zinc responses have also been reported in 
Minnesota on calcareous soils in west-central and south-central 
sections of the state. The Clarion-Nicollet-Webster soils of 
south-central Minnesota are similar to soils in the same 
soil association in north-central Iowa. 
To date, relatively few Zn deficiencies have been identi­
fied in the state of Iowa, and response to Zn fertilization 
has been inconsistent. Consequently, only limited research 
has been conducted to evaluate the Zn status of Iowa soils. 
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Although the data available indicate that the level of avail­
able Zn in most soils of the state is adequate, there are 
several factors which suggest that Zn deficiency is, or may 
become, a significant problem in Iowa. 
Visual deficiency symptoms on plants were seldom identi­
fied in Iowa prior to i960, but have since been observed more 
frequently on certain soil types. Likewise analyses of corn 
leaf samples collected from a number of soils in recent years 
have shown a disturbingly high percentage of the samples to 
possess Zn levels thought to be in the doubtful or marginal 
range. Many of the samples testing in the latter range were 
collected from soils with high pH levels, a condition known to 
be associated with low Zn availability. According to Taylor 
(1958) 6.69S of the soils in the state are calcareous in nature, 
with the majority being located in north-central and western 
Iowa. High soil P levels have been reported to accentuate Zn 
problems and heavy P fertilization in recant years has resulted 
in an increasing number of soils testing high in P. Com, the 
most widely grown crop in the state, is one of the field crops 
most sensitive to Zn deficiency. All of these factors coupled 
with increasing crop yields and removal of Zn suggest poten­
tial deficiencies in some areas and under- certain conditions » 
The research reported in this dissertation was initiated 
to obtain information concerning the availability of Zn in some 
Iowa soils and the relative value of various plant and soil 
measurements for predicting such availability. An attempt was 
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made to obtain this information with: 
1. Field studies 
a. To survey the Zn content of corn leaf and soil 
samples from the Clarion-Nicollet-Webster soil 
association area and to relate the results with 
various soil properties thought to affect Zn 
availability. 
b. To evaluate the effect of liming soils on the 
availability of Zn as measured by corn-leaf and 
soil analyses. 
2. Greenhouse experiments 
a. To compare the Zn-supplying ability of some repre­
sentative Iowa soils under controlled conditions 
and delineate the soil properties associated with 
low Zn availability. 
b. To select a Zn soil test which is best correlated 
with zn uptake by corn in the grasnhouse* Such a 
soil test would hopefully aid in the location of 
Zn-deficient soils in the future. 
c. To study the effect of air drying the soil on 
the soil test and its ability to measure Zn 
availability. 
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REVIEW OF LITERATURE 
The purpose of this section is to review some of the 
published information regarding reactions of Zn in plants and 
soils, factors affecting Zn availability, and methods of 
evaluating Zn availability in soils. 
Zn in the Plant 
Role of ^  in the plant 
As with most essential metallic ions, Zn is a necessary 
constituent of enzyme systems In the plant, particularly those 
involving oxidation-reduction reactions. One of the first 
Zn compounds recognized in plants was carbonic anhydrase, a 
Zn protein compound which catalyses the breakdown of HgCO^ to 
HgO and CO2' An assay of leaves from deficient and non-
deficient trees by Bar-Akivaand Lavon (1969) showed that the 
activity of carbonic anhydrase in &n-deficient leaves was 
about 25?§ of that of a nondeficient control. The assay is 
relatively simple and has potential to be a useful test for 
diagnosis of Zn deficiency. 
Tsui (1948) was one of the first to recognize the involve­
ment of Zn in auxin formation and its requirement for synthe­
sis of trytophan, the precursor of indole-acetic acid. Salami 
and Kenefick (1970) were able to eliminate symptoms of Zn 
deficiency and growth suppression of corn seedlings by adding 
L-tryptophan to nutrient solutions. Addition of Zn to the 
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solution did not increase growth, indicating a complete sub­
stitution of tryptophan for Zn in this experiment. The effect 
of Zn deficiency on auxin production is manifested by a reduc­
tion in stem growth in citrus and flax and by short internodes 
and stunting in corn. 
Ehman and Woon (1969) compared some physiological charac­
teristics of a navy bean variety tolerant to Zn deficiency 
with a highly susceptible variety. The chlorophyll content 
and ribulose diphosphate carboxylate activity of the suscep­
tible variety were lower but increased with increasing levels 
of Zn in a nutrient solution. The interpretation was that Zn 
deficiency decreases the efficiency of chlorophyll and enzymes 
involved in photosynthesis. 
Other functions of Zn which have been identified include 
the activation of a phosphate ester enzyme, and a role in the 
funcion of lactic acid dehydrogenase and alcohol deli^drogenase 
(Salisbury and Ross, 1969). 
Susceptible plant species and varieties 
Plants differ substantially in their ability to extract 
Zn from the soil and in their quantitative requirement for the 
element. Consequently, the Zn availability of a given soil 
may be low to sufficient depending on the crop being grown. 
Viets et al. (195^) have categorized 26 crops as to their 
responsiveness to Zn when grown on a Zn-deficient soil. Fruit 
trees and corn are among the most responsive species, while 
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flax, field beans, tomatoes and sorghum are intermediate in 
response and most small grains are nonresponsive. Bauer 
(1971) has also cited literature which shows the differing 
ability of certain species to extract Zn from the soil. 
Certain weeds have been shown to contain over 700 ppm Zn, 
while com grown on the same soil was deficient in Zn. 
Maximum alfalfa yields have been obtained with leaf Zn levels 
of one-third to one-half that required by many other crops. 
Some workers (Gladstones and Loneragon, I967) believe that 
crop species do not differ in their physiological requirement 
for Zn, but rather in their ability to accumulate Zn. 
Varieties within a species also vary in their tolerance 
to Zn deficiency (Giordono and Mortvedt, 1969; Ehman and Woon, 
1969). Several factors have been suggested as responsible for 
differences in varietal susceptibility. Ambler and Brown 
(1969) proposed that the reason for the high susceptibility of 
Sanilac navy beans to Zn deficiency as compared to a tolerant 
Sagina variety is a greater uptake by Sanilac beans of two 
elements known to accentuate Zn deficiency, Fe and P, 
Halim et al. (I968) showed that the Zn content of seeds 
may influence the early susceptibility of corn seedlings to 
Zn deficienoy but not necessarily their resistance at later 
growth stages. The Zn contained in the seed was an important 
source of Zn to the seedling but did not seem to be a measure 
or index of susceptibility of a variety once this source was 
exhausted. In addition, several inbred lines in this study 
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were susceptible to Zn deficiency whereas single crosses of 
two susceptible lines sometimes resulted in resistant hybrids. 
Critical levels of ^  in the plant 
Critical levels of Zn for several crops, as established 
by various workers, are summarized in reviews by Bauer (1971) 
and Chapman (I966). The critical level for corn has been 
generally accepted to be 15 ppm of Zn in the leaves at, or 
immediately below, the ear at silking time. However, this 
concentration can vary from critical to sufficient depending on 
variety, soil type and level of other nutrients (Melsted et al., 
1969; Halim et al., I968). Millikan (I963) concluded that the 
critical level of Zn in subterranean clover was not a fixed 
concentration, but varied over a wide range depending on the 
age of the plant and the P level. 
In a field experiment conducted in Iowa, application of 
375 pounds of P/acre reduced the Zn concentration of corn 
leaves to less than 10 ppm without a significant reduction in 
yield (J. R. Webb, Department of Agronomy, Iowa State Uni­
versity, private communication, 1972). The evidence previ­
ously mentioned illustrates that while leaf analysis is un­
doubtedly valuable in evaluating the Sn nutrition of plants, 
caution should be exercised in the interpretation of the 
results. 
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Zn in the Soil 
Zinc containing primary minerals such as olivine, horn­
blende, augite, and biotite are easily weathered, releasing Zn 
to react with other soil chemicals and,constituents. The 
principal Zn compound present in soils as a secondary mineral 
is Zn sulfide (sphalerite). Until recently, Zn silicate had 
been considered as a commonly occurring form of Zn in the soil, 
but evidence published by Norvell and Lindsay (1970) indicates 
that this compound is too soluble to occur to any extent. The 
divalent Zn ion is adsorbed to clay, CaCO~ and free oxides, 
incorporated into the crystal lattice of clay minerals and 
biological systems, bonded to various organic compounds, and 
precipitated as weakly soluble hydroxides, phosphates, car­
bonates and oxides. 
Soil Zn can be partitioned into water soluble, exchange­
able, acid soluble, and insoluble fractions. The proportion 
existing in each class will vary among soils but most of the 
Zn will be in relatively nonlabile forms. White (1957) re­
ported that analysis of a Tennessee soil revealed that 30 to 
60% of the total Zn was associated with PegO^ minerals and 
20 to ^5^ with clay minerals. Very little Zn is water soluble: 
For example, the average Zn concentration of displaced soil 
solution in some calcareous Colorado soils was less than 2 ppb 
and less than 4- ppb in acid New York soils (Hodgson ©t al., 
1966). More than $0% of the Zn in soil solution existed as 
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organic complexes in these soils. Exchangeable Zn represents 
a significant fraction of the total available Zn in most 
soils, although exchangeable Zn levels are relatively low. 
• 
Stewart and Berger (1965) reported 0.06 to 3.98 ppm of ex­
changeable Zn in some Wisconsin soils. 
Factors Affecting Zn Availability 
As with most other nutrients, the total content of Zn in 
the soil does not have a highly predictable relationship 
with Zn availability (Sorenson et al., 1971; Martens et al., 
1966). The fraction of total Zn that is readily available 
to plants is determined by such factors as pH, organic matter, 
clay minerals, free lime, microorganisms, soil P and tempera­
ture (see reviews by Barrows et al., I96O; Bauer, 1971» and 
Thorne, 1957)» 
pH and CaCO^ 
The occurrence of Z.n deficiency is not uncommon in high 
pH soils, but it is rarely observed when pH is less than 5*5« 
The question has been raised as to whether this phenomenon 
should be attributed directly.to pH or to the effect of Ga 
or CaGO^ since moet high pH soils are also calcareous. Wear 
(1956) showed that Zn uptake by corn was decreased when either 
CaCO^ or Na^CO^ was applied whereas application of CaSO^ had 
no effect on Zn uptake. He concluded that pH and not CaCO^ 
reduced Zn availability. Others have concurred that the 
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availability of Zn to plants is poorly related to the CaCO^ 
content of soil as such, nonetheless, there is some evidence 
that GaCOg may have an effect on Zn beyond its influence on 
pH. Nâvrot and Ravikovitch (1969) found that Zn availability 
was inversely related to CaCO^ content in certain soils, 
especially if the particle size of CaCO^ was less than 2 ju. 
There is evidence that Zn and other heavy minerals are ad­
sorbed by CaCO^ (Leeper, 1953)» If this reaction does in fact 
occur in soils containing free lime, some Zn is likely 
occluded in carbonates during soil formation» This Zn con­
tributes little as a source of available Zn, but it may be 
released by some acid extractants used in soil testing. 
Sorenson et al. (1971) corroborates the idea of CaCO^-Zn 
Goprecipitation. In this study, some calcareous soils in 
Nebraska contained more acid extractable Zn than slightly or 
noncalcareous soils. The authors postulated that either acid 
dissolution of CaCO^ released eoprecipitated Zn or calcareous 
soils contain higher levels of easily extractable Zn as a 
result of less weathering and leaching. 
The chemistry of Zn in alkaline soils becomes more com­
plex when the interaction of such soil characteristics as 
cation exchange capacity and organic matter are considered, 
Clarke and Graham (1968) found that diffusion of Zn is in­
versely related to pH and postulated the formation of ZnfOHjg 
CaZn(OH)^ in alkaline soils. While their conclusion is valid 
for the most part, Oyther factors are involved in the formation 
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of these compounds. Randhawa and Broadbent (1965) concluded 
that Zn(0H)2 will not precipitate in the presence of a large 
excess of chelating agents, thus indicating that soil organic 
matter may influence Zn precipitation. Bingham et al. (1965) 
found that Zn was adsorbed as an exchangeable cation until 
amounts in excess of the cation exchange capacity were added. 
At this point some Zn(0H)2 was formed if the pH was more than 
6.5. 
Udo et al. (1970) found that 10 soils retained native Zn 
more strongly than the ionization constants for ZnfOHÏg and 
ZnCO^ would explain. As Zn was added to the soil, it reacted 
with organic matter, clay and soil carbonates until the ad­
sorption capacity of these materials was saturated. When 
additional Zn was added, the concentration of Zn appeared to 
be controlled by the solubility of Zn(0H)2 and ZnCO^ where 
carbonates were present. There was no relationship between 
the ability of soils to adsorb Zn and the cation exchange 
capacity of these soils, indicating that Zn was not adsorbed 
entirely as an exchangeable ion. The conclusion to be drawn 
from their study is that organic matter and clay held Zn more 
strongly than hydroxides or carbonates and were primarily 
responsible for the retention of native Z«. However, as Zn 
was added and the capacity of organic matter and clay to ad­
sorb Zn was saturated, carbonates and hydroxides of Zn formed 
and became the dominant factors controlling Zn solubility. 
Recent evidence presented by Krauskoff (1972) and Lindsay 
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(1972) presents a convincing case against the formation of 
solid Zn compounds as the primary explanation for decreased 
Zn availability in alkaline soils. The solubility of ZnfOHjg 
and ZnCO^ was approximately 100,000 times greater than that of 
the Zn-soil complex in five soils used in an earlier work by 
Lindsay and Norvell (I969). In fact, these data suggest that 
carbonates and hydroxides of Zn would be suitable as Zn 
fertilizers. According to Krauskoff, Zn(0H)2 precipitates in 
basic solution only if the concentration of Zn^^ is >10"^M. 
For the soils referred to above, a Zn concentration of this 
magnitude was present only at pH 5 or less. The concentration 
of Zn^^ in equilibrium decreases by 100-fold for each unit 
increase in pH from pH 5 to pH 8. Zinc concentration was less 
o 
than 10" M in alkaline soils. The conclusion of Krauskoff is 
that the factor controlling Zn concentration in soil solution 
is adsorption on clay minerals, hydrous oxides and organic 
matter and not precipitation of Zn carbonates, hydroxide, or 
other solid compounds. Since the adsorption of cations gen­
erally increases as pK rises, adsorption by colloidal soil 
constituents may be an important factor controlling Zn 
solubility, especially in alkaline soils. Formation of Zn car­
bonates or hydroxides is most likely to occur as an immediate 
reaction when Zn fertilizer comes in contact with soils, since 
the Zn concentration around a fertilizer granule should be 
high enough for Zn to react with these anions. 
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Organic matter 
The effect of organic matter on Zn availability is complex 
and cannot be defined as simply beneficial or detrimental. 
One can find work which shows that organic matter either in­
creases or reduces Zn uptake and mobility. Other research 
shows no significant effect (Hibbard, 1940). 
In a review by Barrows et al, (i960), evidence is cited 
indicating that organic matter effectively reduces the avail­
ability of Zn. Chandler (1946) reports that old corral sites 
are oftep very Zn deficient. Miller and Ohlrogge (1958) found 
that water extracts of barnyard manure added to nutrient solu­
tions greatly reduced the uptake of Zn during a 72-hour period. 
Sugar beet residues are known to reduce Zn availability 
for subsequent crops. DeRemer and Smith (1964) found that Zn 
deficiency could be caused by adding sugar beet residue to 
soil. The Zn^^ associated with acid extractable and hydrogen 
peroxide extractable fractions increased with addition of this 
residue, but the water soluble and exchangeable fraction was 
decreased. This phenomenon occurred only when the soil was 
incubated. The authors postulated that Zn was tied up by the 
microflora and decomposing organic matter. 
Although most of the evidence presented above indicates 
that organic matter reduces Zn availability, this evidence is 
balanced by research and observations that indicate organic 
matter has a positive effect on Zn availability. Sorenson 
et al. (1971) reported that Zn deficiency seldom occurs in 
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Nebraska on soils that have at least moderate organic matter 
contents. Subsoils normally contain less available Zn than 
surface soils and Zn deficiencies frequently occur when crops 
are grown on exposed subsoils. This phenomenon is indirect 
evidence for the importance of organic matter in improving Zn 
availability since most subsoils are nearly devoid of organic 
matter. However, it is difficult to conclude that higher Zn 
availability of surface soils is strictly a result of higher 
organic content, since it may be simply a result of transloca­
tion and concentration of Zn in surface horizons by roots. 
Chapman (1966) has reported that alfalfa and other deep-rooted 
crops tend to reduce Zn deficiency in orchards, presumably by 
bringing Zn to the surface from lower horizons. 
Organic materials form strong bonds with Zn and other 
micronutrients and the resulting complex affects the reactions 
of Zn with the soil and its availability to plants. Tan 
et al. (1971) used infrared spectroscopy and ion-exchange 
equilibrium methods to stu(^ the reactions of Zn with organic 
sewage and concluded that Zn formed coordinate covalent bonds 
with OH" groups and electrovalent linkages with COO". 
In a similar study, Randhawa and Broadbent (1965a} found 
that humic acid extracted from Yolo clay had three or more 
types of sites capable of retaining Zn with sufficient strength 
to require O.IN or stronger HNO^ for removal of the Zn. 
The stability of the Zn-organo complexes appears to be 
affected by pH. Randhawa and Broadbent (1965a) found that the 
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stability constant of Zn-humic acid complexes increases up to 
pH 8.5. Apparently hydrogen is removed from carboxylic sites 
as pH increases, increasing the number of COO" sites available 
for bonding to Zn. A combination of high organic matter and 
high pH would seem to create soil conditions unfavorable for 
Zn availability. In fact, while Cu is the micronutrient most 
frequently deficient in organic soils, occasional Zn defi­
ciencies have been recorded in alkaline peats (Lucas and 
Davis, 1961). 
The chemical properties of Zn and Cu are similar in many 
respects, yet deficiencies of these two elements do not 
commonly occur in the same kinds of soils. Zinc deficiency 
frequently occurs on calcareous soils whereas Cu availability 
is only slightly decreased by pH and is seldom a problem on 
these soils. Different bonding strengths of Zn and Cu with 
organic matter appear to account for this phenomenon. 
Schnitzer and Skinner (I966) found that the stability constants 
of complexes with fulvic acid are of the order Cu' ' > > 
2n^^. Hodgson et al. (1966) measured the proportion of Zn and 
Cu in soil solution present as organic complexes in an attempt 
to explain the different reactions of these elements in cal­
careous soilss Over 90% of the Cu in displaced soil solution 
was" complexed compared to an average of 60% of the Zn in 
solution. Complexing increased Cu concentration by a factor 
of about 100 and Zn concentration by a factor of only 2 to 4. 
The percentage of Zn in solution in complexed form was highly 
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correlated (r=.876) with the soluble organic matter content. 
However, there was no relationship between organic matter in 
the soil solution and total organic matter. If this is a 
general phenomenon in soils, it means that total organic matter 
analysis is not necessarily a good indication of the Zn-
organic matter relationship. It may be that qualitative and 
quantitative analysis for certain soluble organic compounds 
would be more meaningful when attempting to evaluate the 
relationship of organic matter and Zn availability. For 
example, the concentration of organic acids such as formic, 
acetic, succinic and lactic acids relative to the total 
organic content of soils is negligible. However, the potential 
concentration in the soil solution of these acids and the con­
sequent effect on mobility of metals is considerable. 
The mechanism of the reaction of organic matter with Zn 
and its effect on Zn availability is not well understood. 
Evidence has been presented for both positive and negative 
effects of organic matter on the availability of Zn to plants. 
Certainly, organic matter competes with soil and with plant 
roots for the Zn ion. Whether the availability of Zn to the 
plant root is affected in a positive or negative manner will 
depend on the factors discussed above. If the soil environ­
ment is such as to result in low Zn availability, Zn organo 
complexes may result in a form of Zn that is more mobile and 
available than the forms otherwise present. On the other 
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hand, if the concentration of organic compounds is excessively 
high anc/or the stability constants of the complexes are very 
high, the availability of Zn may be reduced. The conclusion 
drawn by Hodgson et al. (1966) is that the benefits of 
complexing outweigh the competitive effects in most soils. 
P-Zn antagonism 
While there is general agreement that a P-Zn relationship 
definitely exists, the exact mechanism by which it functions is 
controversial. One explanation of the P-Zn antagonism is that 
Zn is precipitated in the soil as an insoluble Zn phosphate» 
Jurinak and Inouye (1962) report that Zn^(P0/^)2'4H20 is at 
its lowest solubility at pH 7.4; however, the pK^p at this pH 
is 47.9. Lindsay (1972) studied the solubility of Zn^ (P0j[|,)2 
and concluded that it is soluble enough to make a good Zn 
fertilizer. Jamison (1943) found that bonding in Cu and Zn 
phosphates in the soil is not as strong as is the bonding of 
Cu and Zn with inorganic soil surfaces. 
Langin (I96I) studied the effect of placement of 
P fertilizer on Zn uptake. It was reasoned that if Zn was 
rendered unavailable in the soil chemical precipitation 
with P, a mixed placement of F should cause a greater reduction 
in Zn uptake than a banded application since P would come in 
contact with more soil Zn with mixing. However, Zn concentra­
tions were found to be more severely reduced by the more 
efficient band placement, thus discounting chemical précipita-
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tion as the most important factor. The authors concluded that 
the detrimental effect of P on Zn utilization is physiological, 
possibly occurring in the root cells. Greenhouse and field 
experiments with corn by Stukenholtz et al. (1966) have 
substantiated this theory. In these experiments, Zn uptake 
by com plants from two soils was reduced with application of 
P but O.IN HCl extractable Zn was unaffected or slightly 
increased. More recently a failure of applied P to reduce 
extractable Zn has been found with the following Zn soil test 
methodsI DTPA (Warnock, 1970), EDTA and O.IN KCl (Marinho and 
Ique, 1972) and NH^^OAC-Dithizone (Brown et al., 1970). These 
researchers concur with the current belief that the P-Zn 
antagonism is physiological in nature. 
The exact mechanism of this physiological disturbance 
has not been defined, but there is evidence that an inhibition 
of Zn translocation from roots to tops is involved (Burleson 
and Page, 1967). Biddulph (1953) showed that Zn is precipi­
tated along veins of plants grown in solutions hi^ in phos­
phate. However, the effect of P on Zn apparently involves more 
than simple precipitation of Zn and P. Terman et al. (1966) 
found that Zn applications decreased the P uptake by com 
beyond what could be explained precipitation with Zn. 
In a study conducted by Paulsen et al. (1968), high P 
levels in nutrient solution decreased the Zn concentration more 
in soybean leaves than in the roots. Still other workers 
(Boawn and Brown, I968) have found that increasing P levels 
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caused stunting and Zn deficiency symptoms in beans and pota­
toes without decreasing the Zn concentration in the leaves. 
The suggestion was made that an inhibition of the transfer of 
either element to metabolic sites occurs with a subsequent dis­
ruption and degradation of metabolic compounds. The failure of 
P to actually reduce Zn concentrations in plants while produc­
ing an apparent Zn deficiency has stimulated attempts to estab­
lish critical P-Zn ratios in the plant (Leggett and Brown, 196^; 
Watanabe et al., I965). To date these attempts have been rela­
tively unsuccessful and do not appear to hold much promise 
(Stukenholtz et al., I966; Giordano and Mortvedt, 1959)» 
The phenomenon of the P-Zn antagonism is relevant to a 
consideration of Zn nutrition in Iowa. Phosphorus fertiliza­
tion has been practiced extensively in the state for several 
years and many soils are now exhibiting high P tests. The 
effect of these high P levels on the availability of Zn in 
soils previously able to supply adequate Zn nutrition is un­
known but requires surveillance. Phosphorus-zinc experiments 
conducted at two sites in Iowa for several years have not re­
sulted in any significant P-Zn interaction, with the possible 
exception of one year at one site (J. R. Webb, Department of 
Agronomy.. Iowa state University, private communication, 1972). 
Peterson (I967) reduced the Zn level of soybeans grown 
in central Iowa by approximately 50?^ by applying P. Plant 
analysis revealed that when high rates of P were applied, 
Zn concentrations in the plant were at or near the critical 
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level reported in the literature. The author concluded that 
Zn deficiency may have prevented maximum yield response to P. 
The relatively cool soil temperatures found in Iowa in 
the spring of many years may increase the likelihood of P-
induced Zn deficiencies, as temperature has been shown to 
influence P-induced Zn deficiency. Martin et al. (1965) were 
unable to show P-induced Zn deficiency symptoms in tomato when 
the temperature was maintained at 70° or 80° F., but symptoms 
did occur at 50-60° F. 
Clay minerals 
The quantity and kind of clay mineral present in soils 
plays a role in Zn availability, but as a factor affecting Zn 
availability is generally of secondary importance to soil pH 
and organic matter. Hibbard (1940) found a greater concentra­
tion of Zn associated with the clay fraction than with coarser 
separates. Nelson and Melsted (1955) established the strength 
of retention of Zn by an H-saturated clay in comparison to the 
major cations to be H > Zn > Ca > Mg > K. In the H-clay 
system, most added Zn could be replaced with NHj^Âc; but in a 
Ga-clay system, a portion of the Zn was apparently fixed at 
some nonexchange position and could not be removed. 
Elgabaly (1950) studied the reaction of various clay 
minerals with Zn and concluded that Zn will enter holes in the 
octahedral layer of the crystal lattice not occupied by A1 or 
Mg and cannot be replaced with NHj^^OAc. DeMumbrum and Jackson 
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(1956) used infrared spectroscopy to show that Zn or Cu 
saturation affected the bonding of the octahedral OH in layer 
silicates of vermiculite, montmorillonite and illite. Ellis 
and Knezek (1972) interpret this evidence as suggesting a 
bonding of Zn and Cu with OH groups at silica openings and 
crystal defects or edges as the principal reaction mechanism 
of clay minerals with micronutrients rather than substitution 
into the octahedral layer. 
Temperature 
Zinc uefieienciss observed in early spring often disappear 
later in the season except in very deficient soils (Pumphrey 
and Koehler, 19591 Bauer and Lindsay, 1965)» Explanations of 
this phenomenon include t 
1. Limited root system of young plants provide insuffi­
cient soil-root contact. 
2. Zn availability is decreased by slow microbial decom­
position of organic matter under cool soil conditions. 
3. Temperature dependent physiological processes of the 
plant affecting Zn uptake are slowed by cool tem­
perature . 
Bauer and Lindsay (19^5) incubated soils at 5. 17, 31 and 43° G 
for 1, 3 and 6 weeks previous to transplanting corn, zinc 
availability was increased only by the ^3® C preplant incuba­
tion period. The authors hypothesized that the increase in 
Zn availability was due to an increase in the availability of 
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Zn in the soil rather than a physiological effect of tempera­
ture on the plant. 
Fertilizers 
Various fertilizers and soil amendments are known to 
affect Zn availability. Giordano et al. (1966) reported that 
dry matter production and Zn uptake by corn grown on an eroded 
soil of pH 7.3 were higher when N was applied as ammonium 
sulfate than when anhydrous ammonia was used. The difference 
was attributed to the greater acidifying effect of ammonium 
sulfate. Tsrman et al. (1966) showed that crop response to 
applied Zn on a fine sandy loam limed to pH 7.I was closely 
related to the pH depression affected by N and P fertilizers. 
On soils where N and P did not reduce pH, the fertilizer 
effect was negligible. Lessman and Ellis (1971) found that 
9255 of the variation in Zn uptake from soils receiving Zn 
incorporated in P fertilizers could be attributed to pH 
changes» Boawn et al. (i960) also found that N fertilizer 
exhibited a strong effect on Zn concentration or uptake by 
sorghum and potatoes. However, the Zn concentration and up­
take of sugar beets increased with increasing N rates even 
though pH was held constant. Apparently mors is involved in 
Zn-N relationships than just the indirect effect of N on pH, 
at least with some crops. 
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Antagonisms with other micronutrients 
Many instances of Zn-Fe antagonisms have been documented, 
but in almost all cases a Zn-induced depression of Fe avail­
ability is involved rather than a depression in availability 
of Zn by Fe (Watanabe et al., 1965; Ambler et al,, 1970). 
While reports of Pe-induced Zn deficiency are difficult 
to find in the literature, Ambler and Brown (1969) noted that 
Fe and P concentrations were higher in a variety of navy beans 
susceptible to Zn deficiency than in a nohsusceptible variety. 
They concluded that a differential control of Fe and P uptake 
was responsible for the varietal difference in susceptibility 
to Zn deficiency. 
Interactions of Zn and other micronutrients are infrequent 
but have been observed. Short-term studies conducted by 
Chaudhry and Loneragan (1972) showed that Cu reduced Zn uptake 
from nutrient solutions by excised wheat roots whereas Mn and 
Fe did not. However, the applicability of this phenomenon 
to soils was not established. Schmid et al. (1965) concluded 
from uptake studies with excised barley roots that Zn and Cu 
compete for the same root absorption site, whereas Mn was 
absorbed at a different site. 
Analytical Methods of Determining Zn Availability in Soil 
The development of soil tests for estimation of Zn 
availability in soils has been somewhat slower than develop­
ment of tests for macronutrients. Several of the Zn soil 
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tests available at the present time would be adequate for 
predicting Zn response if more data were available from field 
experimentation to calibrate the method in the locality in 
which the test is employed. In many cases tests developed in 
other states or countries are adopted in a new area with 
little or no field calibration. Climatic conditions, crops, 
subsoils and soil properties need to be considered to calibrate 
the test. For example, dilute acid extractants which were 
developed and proven in areas with only acid soils are not 
usually successful when employed in areas with calcareous 
soils since free lime neutralizes the acid in the extractant. 
As with any soil test, the extractant should extract those 
forms of soil Zn that are readily available to plants or 
should be highly correlated with these forms. According to 
Viets (1962), the pool of available Zn is largely complexed, 
chelated or adsorbed to soil constituents, while Zn that is 
incorporated into clay minerals or insoluble oxides does not 
contribute much to Zn availability. A good soil test must 
extract available Zn without dissolving the more insoluble 
forms. 
A mixture of KCl and acetic acid was one of the first 
extraetants used to assess zn availabiliw (Kibbard, 19^0). 
Many of the extractants since investigated as potential Zn ex­
tractants were first employed as P or K soil tests. These 
tests are adapted to pH, organic matter, buffering capacity, 
etc. of soils in a given area and thus are frequently success-
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fui in assessing Zn availability of these soils. 
Most of the methods employed to assess Zn availability 
can be categorized as neutral salts, dilute acids, chelates 
or other complexing agents, or biological assays. 
Water-soluble and exchangeable Zn extractants 
Attempts to relate water-soluble Zn with Zn availability 
have been unrewarding. The very small amounts of Zn present 
in soil solution makes quantitative analysis difficult. While 
water-soluble Zn is certainly a highly available form, it pro­
vides only a small portion of the available pool and is not 
always a good estimator of availability. Hodgson et al. 
(1966) found the Zn concentration of the soil solution dis­
placed with O.OIM CaBrg from some calcareous soils in Colorado 
was less than 2 ppb. 
Use of neutral salts to include exchangeable as well as 
water-soluble Zn has been more successful, but the concentra­
tion of Zn extracted is still low. Martens et al. (I966) ex­
tracted an average of 0.2 ppm Zn with 0.2N MgSO^ from 27 
Wisconsin soils as compared to a range of 2.7 to 20.2 ppm 
with the other extractants studied. The authors concluded 
that plants are capable of extracting forms of Zn not extracted 
by 0.2N MgSO/^. Two N MgClg extractable Zn was more highly 
correlated with Zn uptake by millet from acid and neutral 
soils than was O.IN KCl or dithizone extractable Zn in a Wis­
consin study by Stewart and Berger (I965). 
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In theory, Mg salts should have utility as Zn extractants. 
Magnesium has an ionic radius and charge similar to Zn and 
should be able to replace adsorbed Zn. In addition, a neutral 
salt Ims the advantage of not changing the pH of the soil as do 
many extractants. Ravikovitch et al. (I968) obtained good 
results with neutral salts on calcareous soils. Ammonium 
nitrate and KCl extractable Zn was more highly correlated with 
Zn uptake than was EDDHA or dithizone extractable Zn. Still, 
the low levels of Zn extracted by neutral salts, especially 
from calcareous soils, is a deterrent to their use as routine 
soil tests at the present time. 
Chelates and other complexing agents 
Organic reagents are frequently successful as Zn ex­
tractants because of the importance of complexed, chelated 
and adsorbed Zn to the pool of available Zn. Chelates and 
other complexing agents extract a large portion of this pool 
with a minimum of less soluble foms. One of the disadvantages 
of most of the organic reagents before the advent of atomic 
adsorption spectroscopy was the necessity of destroying the 
complex to prevent interference with colorimetric procedures. 
This extra step mads routine analysis laborious and restricted 
the development of tests using complexing agents. A renewed 
interest in organic extractants in the last decade has taken 
place and many of these hold considerable promise as Zn soil 
tests. 
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One of the most frequently used complexing agents is 
dithizone (diphenylthiocarbazone) added to ammonium acetate to 
extract complexed» as well as exchangeable, Zn. Dithizone is 
able to compete favorably for Zn with some of the soil com­
plexing sites, presumably through a stronger stability co­
efficient for the dithizone-Zn complex. 
A mixture of dithizone, CCl^, NH^CgH^Og and water results 
in a two-phase system. Dithizone is soluble in CCl^ and 
separates from the water phase. As a result, Zn is removed 
from the water phase and is concentrated into a smaller volume 
which is an advantage for analysis purposes. The method was 
first used by Shaw and Dean (1952) and has since been employed 
on many soils. Martens et al. (I966) obtained a higher corre­
lation (.700 ) with NH/tC9H^Op-dithizone extractable Zn and Zn 
uptake by corn from 27 acid to neutral Wisconsin soils than 
with any other extractant. Massey (1957) showed a correlation 
of 0.65 between dithizone extractable Zn and Zn uptaks by com 
from soils ranging in pH from 4.3 to 7*5» The correlation was 
improved to 0,80 when pH was included in multiple regression 
analysis. When a wide range in soil pH exists, the use of pH 
to aid interpretation of Zn soil tests improves the reliability 
of most tests, Shaw and Dean (1952) had to consider pK to 
obtain a significant relationship between dithizone extractable 
Zn and Zn availability in their study in which they included 
soils from most sections of the U.S.A. 
The relative abundance of correlation and calibration work 
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with the dithizone method makes it one of the more reliable 
methods available. However, its use as a routine soil test is 
limited since the method is somewhat laborious and involves 
several transfers and separations in the laboratory. Its 
utility in the future will likely be confined to one of a 
standard of comparison for other extractants in research 
studies. 
One of the most commonly used chelate extracting agents is 
ethylenediaminetetraacetate (EDTA). Tucker and Kurtz (1955) 
found that EDTA and dithizone extracted similar amounts of Zn 
from Illinois soils and that EDTA extractable Zn was highly 
correlated with an aspergillus niger bioassay for available Zn. 
EDTA has the undesirable property of dissolving some carbonates 
and oxides in calcareous soils. Trierweiler and Lindsay (1969) 
circumvented this problem by buffering O.OIM EDTA at pH 8.6 
with IM (NH^jgCOg* Ammonium carbonate is volatile in the 
flame of an atomic absorption spectrophotometer and does not 
build up on the burner. At pH 8.6 Fe oxides are not dissolved 
by EDTA and the added carbonate prevents dissolution of soil 
carbonates and subsequent competition of Ca for EDTA complexing 
sites. A possible shortcoming of the extractant is that con­
siderable organic matter is dissolved. The Colorado soils for 
which the method was developed generally have organic matter 
contents of less than 2.5^» so the dissolution of organic 
matter is not a major objection on these soils. However, more 
research is needed to evaluate the performance of the 
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extractant on soils with organic matter contents above 
In the Colorado study of Trierweiler and Lindsay C1969). 
EDTA-(NH^)2C0^ correlated better with corn response to Zn than 
did O.IN HCl and was as highly correlated as the cumbersome 
dithizone method. A critical level of 1.4 ppm Zn wa^ estab­
lished for Colorado soils on the basis of greenhouse work, but 
this level was not confirmed in the field. The EMA-(NH2j,)2CO^ 
method provided a better separation of 10 Virginia soils into 
responsive and nonresponsive categories than did DTPA, O.IN 
HCl or .075N HCl-HgSO^, (Alley et al., 1972). The critical 
level of extractable Zn was estimated to be 0.8 ppm as compared 
to 1.4 ppm in Colorado. However, the shaking time was only 5 
minutes as compared to a 30-minute period used in Colorado. 
One of the chelates recently used as a Zn extractant is 
diethylenetriaminepentaacetic acid (DTPA). Lindsay and 
Norvell (I969) correlated DTPA extractable Zn from 77 
Colorado soils with response of com in the greenhouse and 
have since adopted the method as the routine Zn and Pe soil 
test of the Colorado State University Soil Testing Service. 
The extractant contains O.OO5M DTPA, O.IM triethanolamine 
buffer and O.OIM CaClg and is buffered at pH 7.3 because of 
high stability of Zn DTPA at this pK (Lindsay and Norvell, 
1969). In a soil system where Zn^*, Fe^"*", Ca^^ and H^ are 
the competing metal ions and pH is above 6.4, Zn is the pre­
dominant ion complexed by DTPA. A pH higher than 7.3 would be 
acceptable for complexing Zn, but the amount of Fe extracted 
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decreases rapidly as pH is increased. 
Calcium chloride is included to suppress the dissolution 
of CaCOg in calcareous soils. When CaCO^ dissolves, two 
sources of error are introduced into the method. First, Zn 
occluded in CaCO^ is not readily available to plants; and 
secondly, Ca competes with Zn for complexing sites of the 
chelate (Lindsay and Norvell, I969). 
Brown et al. (1971) compared DTPA, EDTA, dithizone and 
O.IN HCl as methods for predicting response of sweet corn to 
Zn applied to 92 California soils in the greenhouse. A pre­
dictive value was calculated for each method by adding the 
number of soils containing less than a given critical Zn level 
and on which a response occurred to the number of soils con­
taining more than the critical level and on which no response 
occurred. This number is expressed as a percentage of the 
total soils tested and gives a measure of an extractant's 
ability to separate deficient and nondeficient soils, xhs 
predictive values for DTPA, dithizone, O.IN HCl and NagEDTA 
were 83, 79, 73 and 72^» respectively» Based on predictive 
value and adaptation to routine laboratory procedures, DTPA 
was selected as the preferred method. 
In a comparison of Zn extractants on 10 acid to neutral 
Virginia soils, Alley et al. (1972) found that DTPA gave 
better separation of deficient and nondeficient soils than 
O.IN HCl or 0.075N HCI-H28O21, and was nearly as good as EDTA. 
The critical level for the DTPA method appeared to be about 
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0.5 ppa Zn, which is in agreement with the level set by 
Lindsay and Norvell (I969) for Colorado soils. 
DTPA has been shown to perform well on Colorado and 
California soils which are generally neutral to calcareous 
and contain less than 3^ organic matter. The performance of 
this extractant on soils with higher organic matter contents 
has not been evaluated. 
Dilute acid extractants 
The most frequently employed test for estimating available 
Zn in soils is the 0,1N HCl method. Wear and Sommer (1948) 
found that Zn extracted by O.IN HCl was closely related to Zn 
deficiency symptoms and response of com growing on acid soils. 
The method has been adopted by numerous soil testing labora­
tories and has more field calibration than arjy other method. 
Many of the plant available forms of Zn such as water 
soluble and exchangeable Zn are soluble in dilute acid. A 
major objection to dilute acid extractants is that many acid 
soluble forms of Zn, such as Zn occluded by CaCO^ and Fe and 
A1 oxides, are not available to plants. This objection is 
especially relevant to neutral or calcareous soils where free 
CaCO^ is present. Another problem of acid extractants is that 
the pH of the extractant can be greatly altered through 
neutralization by free CaCO^. For example, 25 ml of O.IN HCl 
is neutralized by 12.5# CaCO^ in a one-gram sample of soil. 
Use of titratable alkalinity or pH to aid in interpretation 
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of the O.IN HCl test has often improved reliability, but this 
additional step decreases the desirability of the method as a 
routine procedure. Nelson et al. (1959) plotted O.IN HCl ex-
tractable Zn vs. titratable alkalinity and were able to draw a 
line separating deficient and nondeficient soils obtained from 
seven western states. The critical level of Zn increased with 
increasing titratable alkalinity. However, Brown et al. 
(1971) and other workers have concluded that adjustment for 
titratable alkalinity does not improve O.IN HCl as a method 
for diagnosing Zn deficiency. 
The soil testing service of the University of Nebraska 
adjusts for the effect of pH and CaCO^ on O.IN HCl extractable 
Zn by quantitative determination of cations in the acid ex­
tract (Snrenson et al., 1971). The sum of Ca, Mg and K, 
plus hydrogen where applicable, is used instead of titratable 
alkalinity. The critical level of Zn increases with an in­
crease in the sum of these cations. The method has been 
relatively successful in identifying Zn deficient soils in 
Nebraska. 
A double acid extractant consisting of 0.05N HCl + 0.025N 
HgSOk used in several Atlantic coast and southern states for 
P and K tests has been evaluated as a zn extractant for use in 
soils. Zinc extracted by this double acid mixture was sig­
nificantly correlated with Zn extracted by 0.01# dithizone 
and the Zn content of corn leaves. Wear and Evans (I968) 
evaluated the performance of the HCl + HgSO^ mixture, O.IN HCl 
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and 0.05M EDTA buffered at pH 7.0 on 12 medium to coarse 
textured noncalcareous soils. The double acid mixture corre­
lated better with Zn uptake by sorghum in the greenhouse than 
did either of the other methods. However, it should be noted 
that a significant sorghum response to Zn was not observed 
on any soil, and com responded on only one. The correlation 
coefficients obtained with com and sorghum for the double 
acid were 0.89 and 0.70, respectively, as compared to 0.82 
and 0.63 for O.IN HCl and 0.62 and 0.44 for 0.05M EDTA. No 
calcareous soils were included in this study, but it is likely 
that the dilute acid mixture of HCl and HgSO^ would suffer from 
the same shortcomings as O.IN HCl on soils containing free 
lime. 
Evaluation of Soil Test Methods 
One of three approaches is usually followed when select­
ing an analytical method for use in a given area. The test 
may be selected from methods which have proven successful 
elsewhere5 it raay be a known method with some modification as 
to shaking time, soil extractant ratio, etc.; or an entirely 
new analytical procedure may be developed. Some methods can 
be eliminated because of tedious procedures or a characteris­
tic that renders the method unsuitable for the soils in 
question. There are usually several methods which appear to 
be suitable, but ultimately the methods must be compared to 
determine which one is "best". However, researchers do not 
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always agree as to what constitutes "best". Several criteria 
have been used to compare methods and different criteria may 
lead to selection of different methods. 
The researcher has the alternative of using field, 
greenhouse or laboratory studies to evaluate the methods. 
While a soil test must predict the nutrient supplying power of 
a soil as it relates to the growth and response of the plant 
in the field, the variability caused by environmental factors 
plus the necessity of working with a restricted number of soils 
imposed by limitations of labor, funding and timeliness, makes 
field experiments largely unsuitable for comparing analytical 
methods. 
The researcher may choose to select an analytical proce­
dure entirely on the basis of laboratory data without involving 
the plant. This is the case when a reliable bioassay is used 
as the standard and other methods are compared to it; or where 
a new procedure is developed that appears to be superior to or 
less laborious than a proven method in use at the time. The 
deficiency with this approach is that no method ever enjoys a 
1*1 correlation with nutrient availability and any subsequent 
correlation with another soil test cannot be expected to be as 
reliable as direct correlation with a plant response. Never­
theless, the savings of time and expense often dictate this 
approach. 
The most common procedure for evaluating different soil 
tests is by correlation with a plant response in the greenhouse. 
34 
The greenhouse allows for evaluation of the tests on more soils 
than in the field, and the control over environmental variables 
is superior. The level of the nutrient extracted by each soil 
test method from the various soils is compared to the ability 
of each soil to supply the nutrient to a test crop as deter­
mined by some measurement made on the plant* This measure­
ment is commonly dry matter production, dry matter response, 
concentration of nutrient in the plant, or total nutrient 
uptake. 
Total nutrient uptake is usually the preferred measurement 
since it utilizes the information provided by dry matter yield 
and nutrient concentration. In greenhouse studies the uptake 
or yield of the check or untreated pot is usually selected to 
correlate with the soil test. However, this approach presup­
poses that variation in uptake or yield from different soils 
is a function of the ability of each soil to provide the 
nutrient in question and that other factors have little effect. 
In the greenhouse most of the variation in temperature, light, 
fertility, moisture, etc. is controlled. However, if there is 
a wide range in soil properties such as pH, texture, porosity, 
water-holding capacity, etc., variation in nutrient uptake or 
dry matter yield is usually affected by these soil propertiès 
as well as by nutrient availability. For this reason many 
workers have used percent yield or percent response. Percent 
yield is defined as the yield of the treatment lacking the 
nutrient under study, expressed as a percentage of the yield 
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of the complete treatment. Percent response is the yield of 
the complete treatment less the treatment lacking the nutrient 
under study, expressed as a percentage of the complete treat­
ment. Percent yield or percent response, in effect, adjusts 
the yield or response for the production potential of the soil 
as influenced by factors other than the nutrient in question. 
The use of total nutrient uptake rather than nutrient 
concentration can also reduce the effect of other factors 
influencing the growth of the plants. A dilution effect on 
concentration occurs in vigorously growing plants, while there 
is a tendency for nutrients to accumulate in plants whose 
growth is restricted by other factors. This effect leads to 
high nutrient concentrations in soils with low nutrient avail­
ability and low nutrient concentrations in soils with higher 
nutrient availabilities. 
The advantage of measuring total uptake over concentra­
tion is especially common with mobile nutrients such as % and 
S. These nutrients can be quantitatively removed by roots 
growing in a limited soil mass, such as exists in a greenhouse 
pot. Thus total uptake is a direct function of the quantity of 
nutrient available in the soil and is not affected greatly by 
the dry matter yield of the plant. 
However, with an immobile nutrient, such as Zn, the total 
uptake by a vigorous plant with a well-developed root system 
is often greater than for a plant with a root system which is 
restricted by poor soil-air-water relationships, unfavorable 
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soil pH or other factors. Consequently, calculating the total 
Zn uptake will only partially compensate for variation in 
growth caused by uncontrolled growth factors. 
Once a plant parameter (uptake, concentration, etc.) is 
selected, the most common method of determining the relation­
ship between the soil test and the plant index of nutrient 
availability is to calculate a correlation coefficient (r). 
The r value so calculated is a measure of the continuous rela­
tionship of the plant index and the soil test across thé 
entire range of the soil test values. 
The problems with interpreting correlation coefficients 
are discussed by Trierweiler and Lindsay (I969). The r value 
says little of the ability of a soil test to separate soils 
into deficient and nondeficient categories, which is the 
primary function of a soil test. A method may be excellent in 
its ability to put high-testing soils into a high class and 
very deficient soils into a very low category. But if poiate 
near the two extremities lie near the correlation line, they 
can result in a relatively high r value even though considr 
erable scatter of points exists in the critical nutrient range. 
Actually, considerable point scatter in the very low and high 
ranges can exist and a test can still put the soils in the 
right categories of availability. On the other hand, if a 
weak relationship between soil test and true availability 
exists in the critical range, soils can easily be placed in the 
wrong category of availability. 
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Two techniques which are not based on correlations have 
been employed to evaluate the ability of a test to separate 
deficient from nondeficient soils. Trierweiler and Lindsay 
(1969) used the following response parameters as measured in 
a greenhouse experiment to determine if a soil was deficienti 
(1) visual Zn-deficiency symptoms of a first crop, (2) yield 
response of the first crop to applied Zn, and (3) yield re­
sponse of a second crop to residual Zn. Each response parame­
ter was given a value of 0, 1, or 2. Visual symptoms were 
graded 0, 1, or 2 for no, mild, and severe symptoms, respec­
tively. Yield response was graded as follows: 0 = no sig­
nificant yield response at the % level as determined by 
Duncan's multiple range; 1 = yield response significant at the 
195 level. If the sum of the three parameters totaled 3 or 
more, the soil was considered deficient in Zn. The soils 
were than ranked from lowest to highest soil test value, and 
a critical value was estimated which best separated the ds= 
ficient from the nondeficient soils. 
A similar approach was followed by Brown et al. (1971)• 
who selected an arbitrary critical value which best separated 
soils on which a significant level) dry matter yield re­
sponse was found. In this experiment, the best of four soil 
tests placed 76 of 92 soils in the correct class for a pre­
dictive value of 83?5. Correlation coefficients for the vari­
ous methods were not reported. 
A second technique which emphasizes the ability of a 
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soil test to place soils in correct categories of availability 
is described by Gate and Nelson (1971)• The procedure splits 
the data into two or more classes which minimize the sum of 
squares of deviations from the means of the classes. The 
method was evaluated on over 200 sets of soil test data and 
2 gave a higher R than continuous models in over half the 
cases. 
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METHODS AND PROCEDURES 
Data for this dissertation were obtained from (1) a field 
survey involving plant and soil samples from the Clarion-
Nicollet-Webster (CNW) soil association in northcentral Iowa, 
(2) two greenhouse experiments designed to correlate Zn soil 
test measurements with plant response and (3) plant and soil 
samples from a rate of limestone study conducted by Claassen 
(1971). Subsequent laboratory analyses were performed on 
soil and plant samples from these studies. 
Field Survey 
In 1968, corn-leaf and soil samples were collected to 
obtain information regarding the levels of Zn in some Iowa 
soils. Soil analyses for available Zn in Iowa soils were 
practically nil at that time, and plant analyses for Zn were 
available only through accumulation of data from farmer 
samples and various research plots designed for other purposes. 
Many of these plant analyses were difficult to interpret since 
samples were taken at various stages of growth and from vari­
ous parts of the plant. More importantly, little or no attempt 
had been made to relate plant levels to soil type or Zn soil 
tests. 
Selection of sites 
The field study was confined to the CNW soil association. 
This area contains much of the calcareous soil in the state 
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and previous plant analyses indicated that Zn levels in corn 
plants grown on these soils often fell in the doubtful range 
of 15-20 ppm. Sampling was restricted to five counties within 
the area to reduce the cost and time of travel. Humboldt 
County was selected because of the availability of a recent 
soil survey and a location near the center of the soil 
association. Calhoun, Hardin, Palo Alto, and Winnebago 
counties were also selected for sampling. In these counties 
soil survey maps were available for only one section per town­
ship^, and sampling was restricted to these areas. 
Eight soil series representing a wide range in pH and 
organic matter levels were sampled. The identification of 
sampling sites and a description of soil properties are pre­
sented in Table A-l (Appendix). Of the 179 soils sampled, 
115 were calcareous even though less than a fourth of the 
soils in the CNW area contain free lime. Greater emphasis 
was placed on sampling calcareous soils since they were sus­
pected to exhibit lower Zn availability than acid soils in 
the area. 
Selection of sites for sampling was arbitrary to the ex­
tent that no randomization plan was developed before going to 
the field. However, there were several criteria which had to 
be met before a field was sampled and these restrictions served 
^Unpublished data collected in connection with the I963 
Iowa Soil and Water Conservation Needs Inventory, Agronomy De­
partment, Iowa State University, Ames, Iowa. 
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as a basis for site selection. Fields were rejected as 
sampling sites if the crop was not com, if permission to 
sample was not obtained from the landowner, or if the soil had 
ever received Zn fertilization. Fields were generally elim­
inated from consideration if an obvious N, P or K deficiency 
existed since a deficiency of one of these nutrients often re­
sults in a leaf-Zn concentration which does not accurately 
represent the Zn nutrition of the plant. Low plant stands, 
poor weed control, or poor soil drainage also eliminated some 
sites. 
In the case of less extensive soil types, such as Storden, 
muck and Glencoe, the limitations of the above criteria 
necessitated the sampling of most sites that met the restric­
tions described above. With the more extensive soils, the 
decision as to which soil to sample was often arbitrary. In 
some cases, more than one soil was sampled in a given field. 
An attempt was made to distribute the sampling of each soil 
type somewhat uniformly in various parts of the county. 
Soil maps were available in Humboldt County for every 
section, thus each field was a potential site. Sampling was 
started in the northern corner of the county and an attempt 
was made to sample all townships of the county, but no effort 
was made to obtain equal sample numbers for each soil. Much 
emphasis was placed on sampling the Canisteo and Harps series 
as they are the most extensive calcareous soils in the CNW 
area (14.3# of Humboldt County). 
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The exact location of the sample site was determined by 
a number of factors. Boundaries between series were avoided 
and most samples were taken well into a given mapping unit. 
Whenever possible, the sample was taken at a predetermined 
distance of approximately 100 feet from a field boundary to 
avoid bias in locating the sample. Accessibility and easily 
identified landmarks often determined the general location of 
the site. Once the site was located, a plot 20 feet long and 
4 com rows wide was staked and sampled. 
Sampling procedures 
Approximately 15 cores of soil were taken to a depth of 6 
inches from each plot. The soils were then stored in a field-
moist condition at 5°C until they could be screened through a 
2-mm stainless steel screen. Excessively wet soils were par­
tially dried to facilitate screening; otherwise, soils were 
not allowed to dry. The screened soil samples were stored 
at 5°C to await laboratory analysis. 
Com leaf samples from the plot were taken by removing 
the leaf opposite and below the ear from l6 plants when corn 
was near the 75^ silking stags. Leaves were not cleaned unless 
there was obvious soil contamination or heavy accumulations 
of pollen, in which case they were wiped with cheesecloth. 
Most studies indicate that washing is necessary only if the 
analysis is for Fe or if residues of chemical sprays or irriga­
tion water are present (Jones and Eck, 1973). The leaf samples 
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were dried at 70°C and ground through a 40-mesh, stainless 
steel screen into a glass jar. After thorough mixing, a sub-
sample was taken and stored in 4-ounce polypropylene bottles. 
The soil and plant samples were analyzed by the chemical 
procedures described below in the section dealing with green­
house research* 
Field Lime Studies 
Following the field survey, the effect of pH on the avail­
ability of Zn and other micronutrients was further evaluated 
by using DTPA tests on soil samples obtained from earlier rate 
of limestone field experiments conducted by Claassen (1971)* 
In the original study, the effect of limestone on the concen­
tration of Zn, Fe, Cu and Mn in corn leaves was evaluated, 
but no attempt was made to study the effect of lime on soil 
test levels of these micronutrients. The availability of 
these samples in storage afforded an opportunity to observe 
the effect of limestone and pH on soil test levels of Zn, Fe, 
Cu and Mn and to measure the correlation between micronutrient 
levels in plant and soil samples. 
The original experiments involved 10 field sites located 
on manor soil associations (Table 1) and included 8 rates of 
limestone ranging up to 32.000 pounds of effective CaCO^ 
(ECCE) per acre prior to the 196? crop season. Soil analyses 
presented in this dissertation were performed on samples taken 
in 1969» the year that com leaf samples were obtained for 
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Table 1. Identification of sites and average initial pH, P 
and K levels of soils employed in the rate of lime 
study 
Site County Soil series* pH — -  —  —pp2m—--
1 Linn Readlyn 5.90 39 201 
2 Keokuk Taintor 5.95 15 117 
4 Clarke Grundy 6.20 15 257 
5 Boone Nicollet 6.10 23 89 
6 0•Brien Galva 6.05 9 159 
7 Dallas Sharpsburg 5.65 14 279 
8 Buchanan Floyd 5.70 11 68 
9 Clinton Muscatine 5.85 60 223 
11 Clinton Fayette 5.70 10 71 
12 Allamakee Fayette 6.55 32 239 
^All soils are of medium texture. 
micronutrient analysis. Micronutrients were extracted with 
DTPA from composite samples of the 0-6 inch depth of soil from 
three replications of each limestone treatment. Air-dried 
samples were employed since the samples had been dried prior 
to storage. The samples were stored at approximately 3-5°C. 
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Greenhouse Studies 
Greenhouse experiments were initiated to evaluate several 
chemical tests for available Zn as indicators of plant growth 
and response to applied Zn in Iowa soils. These studies were 
also intended to relate soil types and soil characteristics 
with Zn availablility, and to evaluate the effect of air drying 
soils on availability and extractability of Zn. 
Collection of soil samples 
The 0-6 inch layer of 30 surface soils representing many 
of the major soil types in the state were sampled for the 
first greenhouse experiment. Samples of approximately 90 
pounds of each soil were taken in the fall of I969. At five 
sites an additional sample was taken from the 12-18 inch 
horizon to provide an indication of Zn availability in some 
major Iowa subsoils. In the spring of 1971 samples from 37 
additional surface soils were collected for a eeconu experi­
ment. The location of the sites sampled for these two green­
house experiments are shown in Figures 1 and 2 and described 
in Table A-2 (Appendix). A general description of the soil 
types is given by Oschwald et al. (I965). 
Soil and sand preparation 
The soil samples were screened through a quarter-inch 
mesh stainless steel screen in preparation for potting. A 
subsample was further screened through a 2-mm stainless steel 
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sieve for use in chemical analysis. The latter samples were 
divided in halves, and one-half of each was allowed to air dry 
at approximately 30°C for a minimum of 48 hours. Both the 
air-dried and field-moist suhsamples were stored at 5°C until 
laboratory analysis was performed. 
The level of available Zn in most Iowa soils was expected 
to be such that growth responses to applied Zn would be diffi­
cult to measure. In order to increase the probability of 
achieving growth responses, acid-washed white silica sand was 
mixed with the soil during the potting process. The purpose 
of mixing sand with the soil was to dilute the concentration 
of Zn in the soil sufficiently to magnify plant response and 
facilitate the detection of small differences in Zn avail­
ability among soils. Another approach used by researchers to 
encourage responses on soils adequately supplied with a given 
nutrient is to deplete the nutrient pool with successive 
croppings in the greenhouse. This technique has proven suc­
cessful with soluble nutrients such as N and S; however, 
Brown et al, (1964) found that 10 successive croppings of 
sweet com in the greenhouse did not deplete the level of 
available Zn in nondeficient soils sufficiently to effect a 
Zn response. 
A second objective for mixing sand with the soil was to 
obtain greater uniformity in soil texture and other soil 
properties, especially between subsoils and topsoils. In pre­
liminary experiments differences in such soil physical 
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properties as porosity, permeability, air-water relationships, 
etc., created a variability in plant growth on different soils 
that could not be equalized by merely providing adequate 
fertility. 
Untreated white silica sand was found to contain a sig­
nificant amount of extractable Zn (up to 0.1 ppm extractable 
with DTPA). As a result, all sand was washed with tap water 
to remove colloidal material, heated in 1-3N HCl for 8-12 
hours, and washed with distilled water until no chlorides were 
detected with a silver nitrate test. 
Potting technique 
The potting technique for the first experiment was pat­
terned after a method described by Hanway and Ozus (1966) and 
is illustrated in Figure 3. Fifteen hundred grasns of acid-
washed sand was placed in a No. 10 can lined with a poly­
ethylene bag. A 6-inch length of 1/2-inch diameter garden hose 
extending to within 1 inch of the bottom was placed in the 
sand. Field-moist soil equivalent to 1 kg of oven-dry soil 
was mixed with 1 kg of sand in a stainless steel twin shell 
blender and placed in the pot as a layer above the sand. 
Appropriate levels of Zn were added to the soil before the 
mixing procedure. Zinc was applied in Experiment 1 as 
ZnSO^'fHgO at the rate of 0, 0.75 and 7*5 mg of Zn per pot. 
In the second experiment a slightly different potting 
technique was employed as illustrated in Figure 3» The pro­
cedure was simplified by eliminating the garden hose and the 
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Garden hose 
1000 g soil 
+ ———— 
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Experiment 1 
120Q g soil fi/-
1500 g sand 
E: 
Figure 3» Cross-sectional view of the pots used in the first 
and second greenhouse experiment 
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sand layer in the bottom of the pot. Field-moist soil equiva­
lent to 1200 g of oven-dry soil was mixed with I500 g of sand 
and placed in a tapered polyethylene container. These quanti­
ties of soil and sand filled most of the pots to within one 
inch of the top. Zinc was applied at the rate of 0 and 7*5 mg 
per pot. In this experiment some supplemental nutrients were 
also applied during the mixing process since there was no 
provision for adding nutrients through a tube to a lower layer 
after potting. 
Experimental design 
In Experiment 1, the 30 soils, three Zn treatments, and 
three replications were arranged in a completely randomized 
block design. The pots were placed on tables which were 
rotated daily within each block to minimize differences in 
temperature and lighting. In addition, pots on each table 
were rotated because of differences in shading and temperature 
between the center and edges of the table. 
In the second experiment, three replications of two Zn 
treatments applied to 37 field-moist and 10 air-dried soils 
were also arranged in a completely randomized block design. 
Individual pots were rotated systeaatieally at 2- to 3-day 
intervals within a block to reduce the effects of variability 
in the greenhouse environment. The 10 air-dried soils were 
placed at random on the tables within the rest of the experi­
ment . 
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Greenhouse cultural procedures 
Experiment 1 Nine seeds of corn (Zea mays L.) were 
planted in each pot on December 23, i969. A single-cross 
hybrid, a619 x a632, was selected as it had shown Zn defi­
ciency symptoms when grown on Zn deficient soils in the field 
and in the greenhouse. Plants were thinned to five per pot on 
January 3» 1970, by removing the smallest, weakest appearing 
plants. Pots were watered with distilled water whenever weigh­
ing of a few of the pots indicated that approximately 50% of 
plant-available water had been removed. All pots were watered 
to a predetermined weight at least once a week. For the first 
few weeks of growth, soils were watered to less than 100# of 
field capacity; but as the rate of water consumption by plants 
increased, it was often necessary to water in excess of field 
capacity to prevent serious wilting of the plants. 
Supplemental nutrients were pipetted through the tube into 
the sand layer in the bottom of the pot at 5- to 7-day inter­
vals (see Table A-3, Appendix). Nitrogen was added in a solu­
tion providing 100 mg of N/pot as Ga(N0^)2 and 100 mg of N/pot 
as NH^NOg at each application. Phosphorus and K were supplied 
as KHgPOji^ at the rate of 200 mg P and 246 mg K/pot per appli­
cation. MgSOo was added to the KHoPôj^ solution to supply 50 
mg of Mg and 66 mg of S, A micronutrient solution of NagB^Oy, 
CuSO/j^, and MnSO^ was also applied to avoid deficiencies of any 
of these nutrients. Iron chelate was added to the sand layer 
when symptoms of Fe deficiency appeared. Preliminary 
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experiments indicated that Fe deficiency symptoms would often 
develop, especially on plants growing in calcareous soils or 
in pots receiving applied 2n. Iron was applied as Fe-EDTA 
prepared in the laboratory according to a procedure described 
by Jacobson (1951). The Fe-EDTA was prepared to avoid Zn con­
tamination found to be present in commercial chelates. The 
rates had to be carefully controlled, since the chelate proved 
to have toxic effects on roots and eventually caused severe 
stunting and even death of some plants in preliminary studies. 
The plants were harvested on January 29, 1970, 3^ days 
after planting, by cutting the plants just above the soil 
surface with a stainless steel razor blade. Visual ratings of 
Zn deficiency symptoms were made before harvesting the plants. 
The harvested plants were dried at 65°C, weighed to determine 
dry matter yields and ground to pass through a 40-mesh stain­
less steel screen in preparation for chemical analysis. 
Experiment 2 Seven seeds of the single-cross com 
hybrid employed in Experiment 1 were planted in each pot on 
July 2, 1971» Once the plants were established, plants were 
thinned to four per pot by removing the smallest plants. 
Pots were watered with water deionized through an ion-
exchanged resin and ware maintained at ^^0=100^ of plant-
available moisture until approximately the fourth week. At 
this point, evapotransporation increased to a rate that 
necessitated watering in excess of field capacity to prevent 
wilting. Supplemental fertilization was provided at 5- to 7-
54 
day intervals (Table A-3, Appendix). Iron was added as ferric 
ethylenediamine di(O-hydroxphenylacetate) (Geigy Sequestrene 
138). 
The plants were harvested and processed on August 7, 
1971I 37 days after planting. Visual ratings of Zn deficiency 
symptoms were made before harvest for later correlation with 
Zn soil tests. 
Laboratory Procedures 
Soil analysis 
Soil samples from the field and greenhouse studies were 
analyzed for chemical and physical properties which were con­
sidered to have some relationship to Zn availability or which 
were essential for soil characterization. 
Field-moist soil samples were analyzed by the Iowa State 
University Soil Testing Laboratory for available P, exchange­
able K, soil pH and buffer pH, employing laboratory procedures 
described by Eik (I968). 
Calcium carbonate equivalent was determined by adding to 
2 g of soil sufficient 0.4N HgSO^ to more than neutralize 
soil lime. Seventy ml of distilled water was then added to 
the sample and the mixture was boiled for 4 minutes. The 
sample was allowed to cool and the excess acidity was titrated 
with 0.4N NaOH using phenolphthalein as the indicator. The ml 
of acid less the ml of base equaled the CaCO^ percentage of 
the soil. 
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Total C content of thé soils was determined by combustion 
of a 15- to lOO-mg sample of air-dry soil in a Leco Carbon 
analyzer. The weight of soil employed was varied to maintain 
the organic C content of the sample within the operating range 
of the analyzer. 
Mechanical analysis was performed on the 67 soils used in 
the greenhouse studies according to a Bouyoucos hydrometer 
procedure, fifty g samples of air-dry soil were treated with 
5-ml increments of 30^ HgOg until organic matter was oxidized. 
The samples were then treated with 5 ml of Galgon solution 
(prepared by dissolving 102 g of Galgon in 1 liter of water) 
and 400 ml of distilled water and allowed to stand overnight. 
A Bouyoucos hydrometer was used to determine sand, silt and 
clay percentages. 
Five chemical extractsnts for Zn were evaluated on field-
moist and air-dried samples of the 30 and 37 soils used in the 
first and second greenhouse experiments, respeetivêly» Thë 
method involving extraction with DTPA (diethylenetriaaine-
pentaacstic acid) was selected to test the 179 soil samples 
from the field survey. Analysis was restricted to the field-
moist samples since soil tests performed by the Iowa State 
Soil Testing Laboratory use undriôu samples. Air=dried soil 
samples from the rate of limestone experiment conducted by 
Claassen (1971) were also analyzed for Zn, Fe, and Cu by 
the DTPA method. These samples had been air dried for storage 
and thus it was not possible to perform the extractions on 
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field-moist soil. 
All glass and plastic ware used in the laboratory was 
initially soaked in a HCl bath for at least 12 hours and 
rinsed with deionized water to remove adsorbed Zn. Soil 
samples were weighed into 125-ml polypropylene containers with 
plastic caps and shaken in a reciprocal shaker with the various 
extractants. These containers were recleaned by flushing out 
the soil with tap water, rinsing with the Zn extractant being 
evaluated, and following with three rinses with deionized water. 
Extracts were filtered through Whatman #4o filter paper in 
polypropylene funnels. Prior to use, the paper and funnels 
were rinsed with the extractant to remove any Zn contamination 
which might have occurred during the folding of the filter 
paper and were allowed to dry. Filtrates were stored in 2-oz 
polypropylene containers and Zn was determined directly by 
atomic absorption spectrophotometry. Zinc standards were 
prepared from Zn stock solutions diluted to appropriate con­
centrations with each of the five extractants. The instrument 
was adjusted to zero with the extractant, and sample readings 
were later adjusted for Zn content of blanks carried through 
the extraction procedure. All samples were determined in 
duplicate and all duplicate samples which differed by mors 
than 1035 from the mean were rerun. The extractants studied 
and details regarding the extraction procedures are described 
below. 
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0.009/1 DTPA DTPA-extractable Zn was determined by a 
procedure developed by Lindsay and Norvell (1969)* The extrac-
tant was prepared by dissolving 393*35 g of DTPA (diethylene-
triaminepentaacetic acid), 1.4? g of CaCl2, and 14.92 g of 
TEA (triethanolamine) in a liter of deionizèd water. The re­
sulting solution contained 0.005M DTPA, O.OIM CaCl2 and 
O.IM TEA. The extractant was adjusted to a final pH of 7«30 
with HCl (4-5 ml of HCl/liter). 
The equivalent of 10 g of oven-dry soil was shaken for 2 
hours with 20 ml of extractant, filtered and stored for 
analysis. Standard samples were prepared containing 0,1, 0.2, 
0.4, 0.6, 0.8, and 1.0 ppm Zn. Iron, Gu and Mn were also de­
termined on extracts of certain samples. 
O.OIM EDTA-(NH^)2C0^ An extracting solution of O.OIM 
EDTA and IM (NHj|^)2G0^ was prepared according to a procedure 
developed by Trierweiler and Lindsay (1969). One liter of 
extractant was prepared by mixing 2.92 g of EDTA (ethylene-
diaminetetraacetic acid) and 96 g of (NH2^)2C0^. The pH of 
the solution was adjusted to 8.6 by addition of small amounts 
of HCl or NH/^OH as needed. 
The equivalent of 10 g of oven-dry soil was shaken for 
30 minutes with 20 ml of the extracting solution. The solution 
was filtered into polypropylene storage bottles which were 
capped immediately to reduce volatilization of (NH;|^)2C0^. A 
Zn standard curve was prepared containing 0.2, 0.4, 0.6, 0.8, 
1.0, 1.5, and 2.0 ppm Zn. 
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O.IN HCl Tenth normal HCl was prepared by diluting 
86.2 ml of concentrated HCl to 10 liters with deionized water. 
Normality was verified by titration with standardized NaOH and 
adjusted if necessary. The equivalent of 2 g of oven-dry 
soil was allowed to stand overnight in 50 ml of the extractant, 
shook for 30 minutes and filtered. Standard samples were pre­
pared containing 0.1, 0.2, 0.3» 0.4, 0.5» and 0,6 ppm Zn. 
Calcium, Mg and K were also determined in the extract to 
provide a "sum of cations" for use as a possible means of im­
proving the correlation of O.IN HCl extractable Zn and Zn up­
take. The summation of bases in the O.lN HCl extract is used 
by the University of Nebraska Soil Testing Laboratory as a 
substitute for titratable alkalinity for adjusting the critical 
level of Zn (Figure 4-) to improve the effectiveness of O.IN HCl 
as a Zn soil test (Sorenson et al., 1971)• Calcium and Mg were 
diluted to a working concentration in a 1^ La solution to 
reduce phosphate interference (Perkin-Elmer Company, 1968). 
0.05N HCl + 0.025N HgSOji^, This extractant is used by 
several Atlantic Coast laboratories, such as North Carolina 
State University, as a soil test for available P and K. The 
method was tested on North Carolina soils as a Zn test by 
Perkins (1970). The extractant was prepared by diluting 5 Ml 
of concentrated HgSOj^ and 31*25 ml of HCl to 7200 ml with 
deionized water. Five g samples of soil were agitated for 15 
minutes with 20 ml of the extractant, filtered and analyzed 
following the procedure developed by Perking (I970). Standards 
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were prepared containing 0.1, 0.2, 0,4, 0.6, 0.8, and 1.0 
ppm Zn. 
2N MgClg The equivalent of 10 g of oven-dry soil was 
shaken for 45 minutes in 2N MgCl2 according to a procedure 
described by Stewart and Berger (1965). Filtrates contained 
from 0 to 0.3 ppm Zn; consequently, even small amounts of Zn 
contamination caused serious variability in results. Two N 
MgClg prepared from reagent grade MgQl2 contained from 0.05 to 
0.08 ppm Zn and samples from calcareous soils often gave lower 
readings on the atomic absorbtion spectrophotometer than the 
extractant blanks. Washing the BflgClg solution in dithizone 
in CCl^j, reduced the Zn contamination by 25 to 50#, 
Plant analysis 
The ground plant samples from field and greenhouse studies 
were redried for at least 24 hours at 65°G prior to weighing. 
One s of plant material was placed in a 100-ml volumetric 
flask and wet ashed in 10 ml of concentrated HpSO^^ on a hot 
plate. When the digestion was nearly complete, 1 ml of 10^ 
HCIO^^ was added and the sample was heated until white fumes 
ceased to evolve to insure complete digestion of the sample, 
The mixture was cooled, transferred to a 50=ml volumetric 
flask and brought up to volume with deionized water. Silica 
was allowed to settle before the digestions were transferred 
to polypropylene storage bottles. 
Nitrogen, P and K were determined on the samples using 
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procedures described by Dunphy, 1972. Zinc and other micro-
nutrients were determined by atomic absorption spectropho­
tometry. Standards were prepared by dilution of 8 ml of H2SO1J, 
to 50 ml with deionized water. Eight ml of HgSOji^ per 50 ml 
of solution assumes a loss of 2 ml of the original 10 ml of 
acid during sample digestion. 
Analysis of Data 
Statistical analysis of the data was carried out on the 
computers at Iowa State university. Correlation, regression 
and analysis of variance procedures were performed as de­
scribed by Barr and Goodnight (1972). 
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RESUIŒS AND DISCUSSION 
Field Survey of Zn in Plants and Soils in the 
Clarion-Webster Soil Association of Iowa 
Zinc availability in soils of the CNW soil association in 
northcentral Iowa was assessed on the basis of chemical analy­
sis of 175 com-leaf and soil samples collected in the summer 
of 1968. Chemical analysis of corn-leaf samples consisted of 
determinations for Zn, Cu, N, P and K. Soils were analyzed 
for available Zn, Cu, Fe, P, and K; soil pH, buffer pH, CaCO^ 
content, and organic C. The results of these ar^lyses are 
available at the Department of Agronomy, Iowa State University 
but are summarized in Tables 2, 3 and 4. The data are grouped 
by calcareous^ and noncalcareous sites in Table 2 and by soil 
series in Tables 3 and 4. Data from calcareous and noncalcare­
ous soils were evaluated separately because most Zn availabili­
ty problems in the CNW soil association area were expected on 
calcareous soils. Thus, the levels of soil and plant Zn in 
these soils and their relationships with soil properties is 
of special interest. 
The results and discussion of data will be directed toward 
the evaluation of general Zn levels in soil and corn-leaf 
samples and the relationship of Zn content to soil type and 
various soil properties. 
^Soils containing >1% free CaCO^. 
Table 2. Range and means of chemical analyses of corn-leaf and soil samples col­
lected in CNW soil association field survey 
Variable 
All soils Noncalcareous soils Calcareous soils^ 
Mean Rango Mean Range Mean Range 
Corn-leaf analyses 
Zn (ppm) 20.7 9.4-61.8 22.7 13.2-61.1 19.5 9.4-61.8 
Cu (ppm) 11.2 3.5-21.7 10.1 3.5-15.3 11.9, 5.2-21.7 
N (g) 2.85 1.92-3.37 2.84 1.92-3.37 2.86 2.42-3.22 
P W 0.26 0.14-0.66 0.28 0.15-0.66 0.25 0.14-0.44 
K W 1.69 0.66-3.67 1.90 0.96-3.67 1.57 0.66-2.74 
Soil analyses 
Zn (ppm) 1.44 0.15-9.99 2.17 0.31-9.99 1.03 0.15-5.10 
Fé (ppm) 2.84 2.3-200.0 63.0 3.0-200.0 9.3 2.3-55.0 
Cu (ppn) 0.90 0.25-2.11 0.91 0.29-1.90 0.89 0.25-2.11 
Soil pH 7.6 4.7-8.4 6.8 4.7-7.8 8.0 7.2-8.4 
Buffer pH 7.2 5.3-7,5 6.9 5.3-7.4 7.4 7.0-7.5 
Organic C {%) 4.11 0.53-19.10 4.62 0.94-19.10 3.83 0.53-15.66 
CaCOo i%) 5«2 0.0-3?.7 0.2 0.0-0.9 8.0 1.0-37.7 
P (pp2m) 32 3-295 49 10-295 23 3-218 
K (pp2m) 174 48-620 203 74-510 158 48-620 
^Soils containiLng levels of > 1.% CaCO^. 
Table 3. Range and mean values of Zn, Cu, and Fe levels measured in corn-leaf and 
soil «amples from eight soil series in the CNW soil association field 
survey 
Zn (lapm) Cu {ppm) Fe (pwn) 
series samples Leaf Soil leaf Soil Leaif Soil 
Clarion 16 Mean 
Jtejige 
20.6 
13.5-30.0 
0.74 
0.40-1.26 
11.0 
8.0-13.5 
0.52 
0.46-1.16 
57.8 
9.0-120.0 
Nicollet 14 Mean 
•feinge 
21.4 
13.2-38.6 
1.05 
0.40-2 .,15 
11.1 
8.4-14.8 
0.88 
0.52-1.28 
71.7 
3.2-170.0 
Webster 19 Mean 
Range 
21.3 
14.4-35.5 
1.18 
0.31-4,. 00 
11,4 
8.2-15.3 
1.11 
0.50-1.90 
43.5 
3.0-140.0 
Canisteo 54 Mean 
Range 
19.1 
12.1-35.5 
0.92 
0.36-3.39 
12.1 
8.2-17.8 
1.00 
0.40-2.11 
- 7.4 
2.3-20.1 
Harps 28 Mean 
Range 
19.1 
14.2-31.4 
0.71 
0.40-1.20 
12.1 
8.8-16.1 
0.89 
0.50-1.95 
6.6 
2.4^44.0 
Glencoe 12 Mean 
Range 
21.3 
13«3-28.0 
1.39 
0.62-5.37 
10.8 
5.0-13.4 
0.87 
0.46-1.43 
12.2 
3.60-64.0 
Storden 13 Mean 
Range 
16.6 
9.4-24.0 
0.35 
0.15-0.57 
12.8 
8.9-21.7 
0.57 
0.25-1.04 
— 10.0 
3.4-35.3 
Muck 20 Mean 
Range 
28.4 
14.2-61.8 
5.13 
0.73-9.99 
7.3 , 
3.5-11»6 
0.75 
0.29-1.47 
68.0 
3.1-200.0 
Table 4. Range and mean values for selected properties of eight soil series sampled 
in the CNW soil association field survey 
Available 
Soil 
series 
No. of 
samples Soil pH 
Buffer 
pH 
Organic C 
(*) 
CaC0<a 
(2)3 
P 
(pp2m) 
K 
(pp2m) 
Clarion 16 Mean 
Range 
6.5 
5.6-7.8 
6.8 
6.4-7.4 
2.21 
1.08-4.14 
0.1 
0.0-0.9 
34 
10-72 
185 
92-364 
Nicollet 14 Mean 
Range 
6.7 
5.8-8.1 
6.9 
6.5-7.6 
2.65 
1.37-3.87 
0.5 
0.0-4.4 
40 
13-85 
192 
81-375 
Webster 19 Mean 
Range 
7.0 
6.1-7.8 
7.0 
6.6-7.4 
3.25 
1.25-5.40 
0.2 
0.0-0.8 
43 
18-195 
167 
98-316 
Canisteo 54 Mean 
Range 
8.0 
7.4-8.4 
7.4 
7.1-7.5 
3.62 
1.64-5.99 
4.3 
1.0-13.7 
27 
3-218 
158 
66-620 
Harps 28 Mean 
Range 
8.1 
8.0-8.3 
7.4 
7.4-7.5 
3.83 
1.48-4.85 
17.9 
4.8-37.7 
4 
3-14 
106 
48-205 
Glencoe 12 Mean 
Range 
7.8 
7.6-8.0 
7.4 
7.2-7.4 
4.72 
2.65-12.47 
2.4 
0.0-7.8 
36 
8-82 
246 
150-414 
Storden 13 Mean 
Range 
8.1 
7.4—8.4 
7.4 
7.2-7.5 
1.21 
0.53-2.38 
5.2 
0.2-12.5 
19 
3-78 
,135, 
69-244 
Muck 20 Mean 
liange 
7.0 
4.7-7.9 
6.9 , 
5.3-7.4 
11.67 
4.68-19.10 
1.16 
0.0-10.5 
67 
6-295 
286 
132-510 
67 
Nitrogen, phosphorus and potassium analyses 
Phosphorus and K were determined in both corn-leaf and 
soil samples but N was determined only in leaf samples. Nitro­
gen and K were not expected to have much effect on Zn avail­
ability, except to possibly create some variability in the Zn 
content of the plant when present in the soil at abnormally 
low or high levels. Leaf N averaged 2.8595 for all samples, 
near the optimum level of 3.00# suggested by Jones and Eck 
(1973)' However, leaf N ranged as low as 1.92# and was de­
ficient in several samples. 
Potassium averaged I.69# in the leaf and 174 pp2m of 
available K in the soil. The average level of K appeared to 
be near a sufficiency level; however, samples from many in­
dividual sites were deficient, The lowest levels of K were 
found in the calcareous Harps, Canisteo and Storden soils, 
while the highest K soil tests were found in the muck and 
Glencoe soils. Fixation of applied K was apparently low in 
these high organic matter soils. Available K ranged as high 
as 510 pp2m in one muck soil and was nearly always higher in 
muck or Glencoe soils than in surrounding soils in the same 
field. 
Leaf ? averaged 0.262# and ranged as low as 0:139#: Soil 
P averaged 32 pp2m, which is in the medium range of avail­
ability, The average soil P test in calcareous soils was 23 
pp2m, less than half the average test level of 49 pp2m in the 
noncalcareous samples. Leaf P was also lower in plant samples 
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from calcareous than from noncalcareous soils (0.255 vs. 
0.27592). As with K, available P was highest in the muck 
soils, which contained an average of 67 pp2m P. 
Soil pH, buffer pH, CaCO-, and organic C levels 
A wide range of 4.7 to 8.4 in soil pH was measured in the 
soil samples, but the average pH calculated as a simple 
arithmetical mean was 7.6, This mean pH value was higher than 
would be expected in the CNW area because of the emphasis 
placed on sampling a large number of calcareous soils. The 
average pH of the noncalcareous soils approached neutrality 
at pH 6.8. Few soils had pH values less than 6.0, as even the 
upland Clarion and Nicollet soils averaged 6.5 and 6,7, 
respectively, indicating that some of these soils may have 
been limed. A few muck soils were found to have pH values of 
less than 5«0, although the average for these soils was 7.0. 
The Ganisteo and Webster soils ; similar in most charac­
teristics other than free lime content, differed by one unit 
in pH with average values of 8.0 and 7.0, respectively. Most 
of the low-lying soils with poor natural drainage (Webster, 
Canisteo, Harps, Glencoe, and muck) were from near neutral 
to basic in reaction. All soil types with the exception of 
Clarion had calcareous representatives. Even at a few Clarion 
sites erosion of top soil had left calcareous till near the 
surface, resulting in pH values up to 7.8 and CaCO^ contents as 
high as 0.9#. 
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The CaCOg content of the calcareous soils averaged 8.0# 
and ranged from 1.0 to 37.79^. The Harps averaged 17.9# CaCO^ 
compared to 4.3# in the Canisteo soils and 5*2# in the exposed 
calcareous glacial till of the Storden. The Harps soils would 
he expected to contain the highest CaCO^ content since they 
were formed at the perimeter of potholes or depressions where 
maximum deposition of carbonate salts occurred. Remnants of 
snail shells were also very common in the Harps soils. 
A wide range in soil organic C content was obtained for 
correlation with Zn availability. Organic C was used as an 
index of organic matter content. The latter is generally 
calculated as # organic C times a constant of 1.724. Organic 
C ranged from a low of 0.53# to a high of 19.1# and averaged 
4.11# for all soils. The highest organic C contents were found 
in the mucks, although some of the poorly drained Glencoe 
soils contained over 10# organic C. The organic C content of 
mucks ranged from 4.68 to 19.10# and averaged 11.67#. The 
organic C level of many soils originally mapped as mucks has 
decreased considerably over time due to accelerated decomposi­
tion of organic matter following artificial drainage and 
accumulation of alluvium from surrounding mineral soils. Any 
soil mapped as muck which contained less than an arbitrarily 
selected level of 4# organic C (6.9# organic matter) was 
called a Glencoe since such a level of organic C is not char­
acteristic of organic soils. 
The mean organic C content of the Webster and its 
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calcareous variant, the Canisteo, was very similar at 3*25 
and 3.62#, respectively. The upland Clarion soils averaged 
2,21# organic C but ranged as low as 1.08# on eroded sites. 
The lowest organic C content was found in the Storden 
soils which have lost most of their topsoil through erosion. 
The average organic C content of the Storden samples was 1.21% 
and ranged as low as 0*53%' In the case of the Storden soils, 
samples were taken at the center of the mapping unit in what 
was frequently exposed glacial till. Organic matter was 
generally higher nearer the perimeter of the mapping unit. 
Zinc analyses 
Corn-leaf Zn The concentration of Zn in 175 corn-leaf 
samples averaged 20.7 ppm and ranged from 9.4 to 61.8 ppm 
(Table 2). Samples from the calcareous sites contained an 
average of 19«5 Ppm Zn, 3.2 ppm less than the average for non-
calcareous sites. The lowest leaf Zn concentrations were 
found at the Storden sites. Samples from these soils con­
tained an average of 16.6 ppm leaf Zn and represented the only 
sites on which visual Zn deficiency symptoms were observed 
in com. Leaf samples from the Canisteo contained an average 
of 2.2 ppm less Zn than the Webster, its noncalcareous counter­
part CI9.I vs. 22.3 ppm). The highest mean leaf Zn concentra­
tion was found in corn-leaf samples from muck soils. Leaf Zn 
averaged 28.4 ppm at these sites and ranged as high as 61.8 ppm 
with five of the 20 leaf samples containing more than 40 ppm. 
Ranges in Zn concentration in corn-leaf tissue which are 
considered deficient, low or sufficient are cited in the 
literature, but there is a lack of agreement on what the limits 
on these ranges should be. Jones and Eck (1973) cite research 
which indicates Zn response seldom occurs when leaf Zn con­
centration is more than 20 ppm. They cite other evidence which 
sets the critical level at about 15 ppm, but note that this 
level is influenced by corn variety and environmental condi­
tions. Jones (1967) described 0-10 ppm Zn as the deficiency 
range for com and 11-20 ppm as low. 
Table 5 summarizes the data in terms of the percentage 
of leaf samples from each soil series that falls into low, 
medium and high categories based on selected ranges of 0-I5» 
15-20, and more than 20 ppm Zn, respectively. Since 15 ppm Zn 
is a concentration frequently quoted as the critical level in 
the corn leaf, separating the ranges at this level would seem 
to be of some value* Also, there was only one sample contain­
ing less than 10 ppm, so that evaluating the data in relation 
to this concentration would be less meaningful. 
Two-thirds of the leaf samples from calcareous sites con­
tained less than 20 ppm Zn and 18^ contained less than 15 ppm. 
In contrast, only 32jS of the leaf samples from noncalcareous 
sites contained less than 20 ppm and 14^ contained less than 
15 ppm Zn. Nearly 70^ of the leaf samples from the Storden 
sites tested less than 20 ppm and 38^ contained less than 
15 ppm Zn. The only definite Zn deficiency symptoms observed 
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Table 5» The percentage of corn-leaf samples from different 
soil series testing low, medium and high in Zn con­
tent in the field survey 
Percentage of samples 
Soil 
series 
No. of 
samples 
Low 
(<15 , 
ppm Zn) 
Medium 
(15-20 
ppm Zn) 
High 
(>20 
ppm Zn) 
Clarion 16 6 38 56 
Nicollet 14 21 28 51 
Webster 19 11 44 45 
Canisteo 54 20 50 30 
Harps 28 14 54 32 
Glencoe 12 8 25 67 
Storden 13 38 31 31 
Muck 20 5 30 65 
All non-
calcareous 64 14 18 68 
All 
calcareous 111 18 48 34 
in the field were in corn growing on Storden soils and analyses 
subsequently revealed that these plants contained less than 
15 ppm Zn in each instance. 
Soil Zn Available Zn in the soil was measured by ex­
traction with 0.005M DTPA. Extractable Zn in field-moist 
samples varied from 0,15 to 9*99 ppm and averaged 1.44 ppm. 
Noncalcareous soils contained an average of 2.I7 ppm Zn, 
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approximately double the average of 1.03 PP® found in calcare­
ous soils. Storden soils contained the least soil Zn, aver­
aging 0.35 ppm with the highest sample containing only 0.57 
ppm Zn. The highest levels of available Zn associated with 
any soil series were found in muck soils. Zinc in these or­
ganic soils averaged 5*13 PPm and ranged as high as 9.99 PPm. 
Mean soil Zn concentrations in the Canisteo averaged 78^ of 
the level found in the noncalcareous Webster (O.92 vs. 1.18 
ppm). The Clarion soils contained the lowest level of ex-
tractable Zn among the noncalcareous soils with an average of 
0.74 ppm. 
Categorizing soil Zn concentrations into availability 
classes based on the likelihood of response to applied Zn is 
difficult since the limited field research performed in Iowa 
has not involved any soil testing for calibration with crop 
response. Colorado State University personnel have estab­
lished availability ranges for Zn extracted by DT?A from 
Colorado soils (Lindsay and Norvell, I969). They established 
deficient (low), marginal (medium), and sufficient (high) 
ranges based on levels of less than 0.5 ppm, 0.5 to 1.0, and 
more than 1.0 ppm, respectively, but these levels were based 
on Zn extracted from air-dried soils. All soil testing proce­
dures performed in the Iowa State University Soil Testing 
Laboratory at the time of this study were run on field-moist 
samples. For this reason, it was decided to use undried soil 
samples for the Zn test. Since laboratory studies presented 
7^ 
in a later section of this dissertation show that air drying 
increased the level of DTPA extractable Zn on the order of 
67%f an adjustment of the Colorado scale for use with field-
moist samples was necessary. Such an adjustment resulted in 
low, medium, and high ranges of less than 0.3 ppm, 0.3 to 0.6, 
and more than 0.6 ppm, respectively, for field-moist samples. 
The above procedure for determining availability ranges 
is subject to criticism, since it assumes a uniform change in 
extractable Zn with air drying for all soils and assumes that 
a given level of extractable Zn in Colorado soils is indicative 
of an equal level of Zn availability for plants grown on Iowa 
soils. However, in the absence of a better guide, it provides 
a basis for stratifying the levels of Zn extracted from the 
various soils. Field studies measuring crop response to 
applied Zn will ultimately be required to accurately calibrate 
the soil test and establish availability ranges. 
Table 6 presents a summary of Dx?A extractable Zn for each 
soil series, using the estimated ranges calculated with the 
conversion factor for field-moist soils. This summary shows 
that of the calcareous samples were low, and 29Jg were 
medium in Zn availability. No noncalcareous were deficient, 
but 11% were medium in Zn. The Storden soil was the one most 
frequently low or medium in Zn. No other soil tested low, and 
none of the muck samples tested less than high in Zn. Obvi­
ously, these critical levels for the soil test place many 
fewer sites in low or medium categories than did plant 
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Table 6. The percentage of soil samples from different soil 
series testing low, medium and high in DTPA extract-
able Zn in the field survey^ 
Percentage of samples 
Soil 
series 
No. of 
samples 
Low 
(<0.3 , 
ppm Zn) 
Medium 
( 0.3""0,6 
ppm Zn) 
High 
(>0.6 
ppm Zn) 
Clarion 16 0 19 81 
Nicollet 14 0 14 86 
Webster 19 0 10 90 
Canisteo 54 0 27 73 
Harps 28 0 36 64 
Glencoe 12 0 0 100 
Storden 13 30 69 0 
Muck 20 0 0 100 
All non-
calcareous 64 0 11 89 
All 
calcareous 111 •5 29 68 
Extractions were performed on field-moist soils. Con-
eentration limits of the availability classes were estimated 
as described in the text from those established for air-dried 
soils. 
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analysis based on critical concentrations of 15 and 20 ppm. 
Iron and Cu analyses 
The DTPA extract was further analyzed for available Fe 
and Cu, and leaf samples were analyzed for Cu. DTPA is used 
successfully as a soil test extractant for Fe and Cu by 
Colorado State University (Lindsay and Norvell, 1969, De­
velopment of a DTPA micronutrient soil test, Agronomy Ab­
stracts, p. 84). 
Iron Critical levels of DTPA-extractable Fe estab­
lished in Colorado for making fertilizer recommendations for 
sorghum are* <2.5 ppm (deficient) and 2.5-4.0 ppm (marginal). 
These levels are established for air-dried samples; therefore, 
a comparison with results obtained from field-moist samples 
in this study is difficult. Observations in the laboratory 
indicated that air drying greatly increases the level of 
DTPA-extractable Fe. Nevertheless, the levels of DTPA-
extractable Fe from the field-moist soil samples in this study 
were generally far above the critical levels in air-dried 
soils used in Colorado. Soil Fe ranged from 2.3 to 200 ppm and 
averaged 28.4 ppm. The average DTPA=Fe level in calcareous 
soils was 9.3 ppm compared to 63.0 pptn in noncalcareous soils. 
There were only five samples which contained 2.5 ppm or less 
and 28 samples that contained 2.5-4.5 ppm Fe. All of these 
were Canisteo or Harps soils. 
Apparently, very few soils in the CNW area would contain 
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less than the critical level established in Colorado for sor­
ghum. In light of the frequently observed Fe chlorosis in 
soybeans in many calcareous soils in the CNW area, it is 
probable that different critical levels need be established 
in Iowa for soybeans, if not for other crops. 
Copper The critical level for DTPA-extractable Cu was 
established in Colorado at 0.2 ppm. In comparison, the lowest 
level of Cu found in this study was O.25 ppm. DTPA-extractable 
Cu ranged as high as 2.11 ppa and averaged 0.90 ppm for all 
soils. 
There was essentially no difference in DTPA-extractable 
Cu levels between calcareous and noncalcareous soils. The 
Clarion and Storden soils with averages of O.52 and 0.57 PPm, 
respectively, contained the lowest levels of Cu. The Webster 
soils showed the highest mean level of Cu with 1.11 ppm. Low 
Cu availability has often been associated with organic soils, 
but the muck soils in this study did not contain particularly 
low levels of DTPA Cu. 
Leaf Cu rsïiged from 3*5 to 21.7 PS® and averaged 11,2 ppm, 
A critical level for Cu in leaf tissue has not been well es­
tablished and is apparently influenced by soil type, tempera­
ture, light intensity and light quality. Jones (1972) reports 
that Cu deficiencies occur in Ohio in com grown on peat or 
muck soils when the leaf Cu concentration is 4-5 ppm, but that 
the critical level for corn grown on mineral soils may be 
higher. 
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The lowest leaf Cu concentrations were found in the muck 
soils I as leaf Cu from these soils averaged 7.5 ppm, well below 
the average of the seven mineral soils. Four of the 20 corn-
leaf samples taken from muck soils contained less than 5 PPm 
Cu, but no Cu deficiency symptoms were identified. 
Relationships among leaf Zn, soil Zn and soil properties 
Simple correlation Correlation coefficients will pro­
vide much of the basis for evaluating the degree of association 
between Zn and soil properties. Simple correlation coeffi­
cients (r) between plant and soil variables are shown in 
Table 7, Tables 8 and 9 present similar correlations calcu­
lated within calcareous and noncalcareous soils. In later 
tables, partial and multiple correlation coefficients between 
selected variables are also presented. 
Leaf Zn vs. soil Zn Leaf and soil Zn were signifi­
cantly correlated (r ^  .476) but the degree of correlation was 
2 disappointing since the resulting R shows that the soil test 
explains only 22.7# of the variation in leaf Zn. The corre­
lation was slightly higher in the noncalcareous soils where 
an r value of Û.500 was obtained, but lower in calcareous 
soils (,402) . The relatively low degree of association be­
tween the plant and soil indices of Zn availability indicates 
that one or both of these measurements was poorly correlated 
with true Zn availability. However, it is not possible to 
determine which is the better index since no measure of Zn 
Table 7. Simple correlation coefficients between corn-leaf and soil variables measured in samples 
from all soils in the field survey® 
Corn-leaf ' Soil 
Buffer Organic 
Zn N P K Cu Zn Fe Cu pH pH C CaCO^ 
Corn-leaf 
Zn 1.000 
N .254 1.000 
P .020 .153 1.000 
K .105 .076 .430 1.000 
Cu -.111 .200 -.269 - *462 
Soil 
Zn .476 .011 .304 -.434 -.554 1.000 
Fe .362 -.103 .089 .360 -.420 .525 1.000 
Cu -.051 -.025 .165 -.011 .100 .013 .104 1.000 
pH -.409 -.108 -.192 -.384 .340 -.380 -.773 -.018 1.000 
Buffer pH -.491 -.092 -.150 -.348 .362 -..462 - .832 -.030 .956 1.000 
Organic C .331 .008 .184 .295 -.568 .794 .355 - .088 -.218 -.290 1.000 
CaCO^ -.151 -.056 -.191 -.346 .207 -.214 -.311 -.052 .444 .420 -.120 1.000 
P .125 .093 .639 .600 -.428 .487 .237 .130 -.320 - .280 .230 -.353 
K .171 .053 .373 .710 -.429 .545 .327 .030 -.308 -.291 .431 -.322 
Probability of a greater irl; under the null hypothesis: r Prob>tri 
.130 = .10 
.150 = .05 
,190 = .01 . 
Table 8. Simple correlation coefficients between corn-leaf and soil variables measured in samples 
from the noncalcareous soils in the field survey^ 
Corn-leaf Soil 
Soil Buffer Organic 
Zn N P K Cu Zn Fe pH pH C CaCO^ P K 
Corn-leaf 
Zn 1.000 
N .351 1.000 
p 
.054 .220 1.000 
K .162 - .064 .450 1.000 
Cu -.132 .364 .241 - .443 1.000 
Soil 
Zn .500 .071 .292 .440 -.633 1.000 
Fe .412 -.134 -.050 .252 -.370 .441 1.000 
pH -.553 -.313 .012 -.140 .022 -.123 -.570 1.000 
Buffer pH -.691 -.230 .051 -.181 .152 -.352 -.710 .920 1.000 
Organic C .250 -.151 .132 .330 -.680 .811 .351 -.054 -.252 1.000 
CaCOo -.222 .132 .010 -.152 -.013 - u 084 -.302 .393 .341 -.120 1.000 
P ^ .193 .060 .773 .634 -.400 .452 .032 .014 .013 .212 -.050 
K .310 -.127 .390 .701 -.530 .650 .361 -.140 -.200 .531 -.181 
1.000 
.582 1.000 
Probability of a greater fr( under the null hypothesis: r Prob> irt 
.200 = .10 
.242 = .05 
.320 = .01 
Table 9. Simple correlation coefficients between corn-leaf and soil variables measured in samples 
from the calcareous soils in the field survey^ 
Corn-leaf Soil 
Soil Buffer Organic 
Zn N P K Cu Jin Fe pH pH C CaCO^ P K 
Corn-leaf 
Zn 1.000 
N .182 1.000 
p 
- .081 .110 1.000 
K -.054 .272 .370 1.000 
Cu .023 .043 -.221 -.371 1.000 
Soil 
Zn .402 .274 .260 .340 -.411 1.000 
Fe .252 .150 .122 .252 -.390 .661 1.000 
pH -.281 -.290 -.310 -.360 .373 -.632 -.551 1.000 
Buffer pH -.270 -.253 -,283 -.181 .402 -.491 -.521 ,802 1.000 
Organic C .411 .272 ,210 .221 -.461 .859 .712 - «662 -.600 1.000 
CaCOo -.090 -.160 -.194 -.29% .102 .193 -.044 .280 ..331 -.112 1.000 
P ^ -.092 .211 .451 .510 -.330 .420 .162 - .440 -.324 .193 .391 1.000 
K -.010 .252 .321 .69% -.291 -.451 .221 -.411 -.272 .331 -.310 .600 
Probability of a greater 1 r I under the mull hypothesis ; r 
.160 
.190 
.240 
Prob>l.r I 
= .10 
= .05 
= .01 
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response was attempted. 
Nitrogen. P and K vs. Zn Leaf N exhibited a weak, 
positive relationship with leaf Zn (r = .254) and would seem to 
corroborate field observations of interveinal chlorosis char­
acteristic of Zn deficiency in young com plants that were N 
deficient. Interveinal chlorosis can be caused by a number of 
environmental or nutritional factors, however, and the corre­
lation between leaf N and leaf Zn is not high enough to con­
clude that low Zn availability was associated with low N. 
Many researchers have found a negative relationship be­
tween P fertility and Zn nutrition (langin, 1961} Stukenholtz, 
et al,, 1966; Paulsen and Rotimi, I968); however, no such 
relationship was found in this study. In fact, a positive 
correlation was observed for soil Zn with soil P (r = .48?) and 
leaf P (r =.304) and leaf Zn exhibited a nonsignificant, 
positive correlation with soil P. Wamock (1970) earlier found 
that an application of P (520 ppm) had no effect on levels of 
DTPA Zn and concluded that P-Zn antagonisms occur within the 
plant. 
Soil properties such as high pH and low organic matter 
which tend to reduce Zn availability also reduce P availability. 
Calcareous soils, for example, contained an average of 23 pp2m 
P as compared to 49 pp2ra in noncalcareous soils. Thus, while 
a negative effect of P on Zn availability may exist when the 
P level of any given soil is increased, the effect is masked 
when other soil properties are not held constant. 
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Potassium also exhibited a weak positive relationship with 
Zn for much the same reasons as described above for P. 
Soil PH VS. Zn Leaf Zn was more closely associ­
ated with soil reaction than with any other soil property 
measured in this study. The r values calculated for leaf Zn 
with soil and buffer pH were -0.409 and -0.492, respectively 
(Table 7) and resulted in values of 16.7 and 24,2^1. Buffer 
pH actually showed a higher degree of correlation with leaf Zn 
than did DTPA soil Zn. 
Measurements of soil reaction exhibited lower correlations 
with soil Zn than with leaf Zn, though significant r values 
were obtained. The r values for soil and buffer pH with soil 
Zn were -0.375 and -0.462, respectively. When the data were 
partitioned according to calcareous and noncalcareous soils, 
the correlations were considerably higher within the former 
soils. Soil pH showed an r value of -0.632 with soil Zn in 
calcareous soils compared to -0.123 in the noncalcareous group. 
Vf hi le these correlations imply that DTPA-extractable Zn was 
more sensitive to pK when free lime was present, an inter-
correlation with organic matter may have actually been respon­
sible for the higher correlation in calcareous soils. As is 
discussed in a later section, soil organic matter showed a 
very strong, positive effect on DTPA-extractable Zn. Within 
the calcareous group of soils the r value between soil pH and 
organic C was -0.662 as compared to -0.054 in the noncalcare­
ous soils. The high correlation between soil pH and soil Zn 
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within the former soils appears to be largely a reflection of 
this correlation between soil pH and organic C. The probable 
explanation of the higher r value between pH and soil Zn 
within calcareous sites is that these soils included the 
Storden soils which had the lowest levels of Zn and organic C 
and the highest pH value of any soil type. Only two Storden 
samples contained as much as 0.5 ppm Zn and only one sample 
has a pH below 8.0. Thus, the Storden soils provided a num­
ber of samples with low soil Zn concentrations and high pH 
values. These samples undoubtedly improved the correlation 
of these two variables within the calcareous soils, but low 
organic C may have been largely responsible for the low Zn 
availability. 
The higher negative correlation between pH and extractable 
Zn in calcareous soils could also be explained if free lime 
increased the pH of the extracting solution to a level that 
reduced Zn solubility. Any increase in soil pH under these 
conditions might be expected to cause relatively large reduc­
tions in extractable Zn. However, Vf» L» Lindsay (Department 
of Agronomy, Colorado State University, private communication, 
1971) varied the pH of the DTPA extractant from 7.0 to 7.9 and 
found no significant effect on the concentration of zn ex­
tracted. He concluded that the effect of changes in the ex­
tractant pH within this range was not likely to greatly affect 
the concentration of Zn extracted. 
Partitioning soils into calcareous and noncalcareous 
85 
groups showed the opposite effect on the relationship between 
leaf Zn and pH; that is, the correlation between these two 
variables was much higher in the noncalcareous soils. In 
these soils the r value between pH and leaf Zn was -0.553 
as compared to -0.281 within calcareous soils. Similarly, the 
comparison of r values for buffer pH and leaf Zn was -O.69I 
and -0,220 within these two groups of soils. The correlation 
of -0.691 with buffer pH was the highest correlation of a 
soil property with leaf Zn found in the study. A plot of 
buffer pH and leaf Zn (not presented) showed a distinct rela­
tionship between these two variables up to a buffer pH of 
approximately 7.0; however, above this pH, there was no dis­
cernible trend. The correlation between leaf Zn and buffer 
pH in the noncalcareous soils was undoubtedly improved by a 
single muck sample which had the highest leaf Zn level (61.8 
ppm) and by far the lowest buffer pH (5*3) found in the study. 
Aside from the muck samples, buffer pH ranged from only 6.4 
to 7.4 and although a definite relationship was still obvious 
within this pK range, the graph of buffer pH and leaf Zn showed 
more point scatter. 
Calcium carbonate vs. Zn The r values for leaf 
and soil Zn with GaGO, were -0.151 and -0.214, respectively. 
While significant at the 5^ level, the low magnitude of the 
r values supports the evidence of Wear (1956) that lower avail­
ability of Zn in calcareous soils is more a function of pH 
then the content of Ca or CaCOg. 
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Organic Ç vs^ Zn The highest simple correlation 
found in the study between an index of Zn availability and a 
soil property was between DTPA-extractable Zn and soil organic 
C (r = .749). The relationship is shown graphically in Figure 
5. 
An excellent range in organic C content was obtained in 
the survey samples (0.53-19.10^). The extremes of this range 
were provided by the Storden and muck soils which are not ex­
tensive soils in the soil association. Within the more mod­
erate extremes of the common soil types, the effect of organic 
matter on DTPA-extractable Zn would probably be less pronounced. 
Soil organic matter was partially soluble in the DTPA 
extractant, imparting a yellow color to the extract that in­
tensified as organic matter content increased. While the color 
itself did not affect readings on the atomic absorption spec­
trophotometer, it was indicative of the presence of dissolved 
organic matter. In view of the lower correlation between 
organic C and leaf Zn (r = .331) it is likely that the rela­
tionship between organic C and DTPA-extractable Zn was somewhat 
stronger than the actual relationship between soil organic 
matter and Zn availability. The extractant was developed 
originally for Colorado soils that rarely contain more than 1-
2^ organic C, and in this study most soils contained more than 
this level. The strong effect of organic matter on DTPA Zn 
may necessitate a different calibration of the soil test for 
soils with very high organic matter levels. 
Figure 5. The relationship between DTPA-Zn and organic carbon 
level in field-moist samples of soils used in the 
field survey of the CNW soil association 
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The highest soil organic C levels were found in muck and 
Glencoe soils, many of which were poorly drained. While DTPA-
extractable Zn levels from these soils were consistently high, 
Zn uptake by com was apparently reduced at some sites due to 
the wet, cool soil environment. These environmental effects 
would likely have a lesser effect on the soil test level. 
While there were a number of leaf samples from these wet sites 
showing Zn concentrations less than 20 ppm, only two of the 32 
soil samples from the Glencoe or muck soils tested less than 
1 ppn DTPA-extractable Zn. 
Multiple and partial correlation Multiple correlation 
was used to evaluate the combined effect of the soil properties 
on Zn availability and to measure the effect of individual soil 
properties when others were held constant. Some multiple and 
partial correlation coefficients among leaf Zn, soil Zn and 
other soil properties are presented in Tables 10 and 11. 
Soil organic C content showed an even more dominant re­
lationship with DTPA-extractable Zn when considered in a mul­
tiple linear correlation with soil or buffer pH and GaGO^ 
content. Soil organic G and pH explain 6?^ of the variation 
in DTPA Zn with the former property explaining 61.6^. A mul­
tiple correlation based on buffer pH and organic 0 showed a 
slightly higher of 0.686. 
Even though organic G was the dominant soil property in­
fluencing DTPA Zn, pH had a depressive effect on Zn levels at 
high organic matter levels equal to the effect it showed when 
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Table 10. Simple, partial and multiple correlation coeffi­
cients relating Zn content of corn-leaf samples 
with selected sets of soil properties measured in 
the samples from the field survey^ 
Variable Simple r Partial r Multiple R 
Set 1 (all variables) 
pH . 
Organic C 
CaCO^ 
pH 
Organic C 
-.409** 
.331** 
-.151** 
-.361** 
.274** 
-.008 
.483** 
Set 1 (significant variables) 
-.409** 
.331** 
-.366** 
.270** 
.477*4 
.234 
.228 
Buffer pH 
Organic C 
CaCO^ 
Set 2 (all variables) 
-.492»* 
.331** 
.151** 
.437** 
.226** 
-.105 
.537** 
Set 2 (significant variables) 
.288 
Buffer pH 
Organic C 
.492 
.331 
-.438** 
.225* 
Set 3 (all variables) 
.530** 
DÎPA Zn 
pH 
Organic C 
CaCO^ 
BTPA Zn 
pH 
.470*= 
-.409** 
.331** 
-.151** 
.cop"' 
-.273*4 
-.055 
.005 
• 539*-
Set 3 (significant variables) 
,418** =.476** 
-.409** 
,383** 
-.2854 
.290 
.389 
^n this and subsequent tables, significance levels for 
statistics are indicated as followst + = .10, * = .05 and 
** = .01. 
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Table 11. Simple, partial and multiple correlation coeffi­
cients relating DTPA-extractable Zn with selected 
sets of soil properties measured in samples from 
the field survey 
Variable Simple r Partial r Multiple R 
Set 1 (all variables) 
pH 
Organic G 
CaCO^ 
-.375** -.277** 
.794** .785** 
-.214** -.004 
.819** .671 
Set 1 (significant variables) 
pH 
Organic C 
-.375** -.335** 
.794** .785** 
Set 2 (all variables) 
.819** .670 
Buffer pH 
Organic C 
CaCO^ 
-.462** -.348** 
.794** .776** 
.214** .000 
.828** .686 
Set 2 (significant variables) 
Buffer pH 
Organic C 
-.462** .395** 
.794** .780** 
.827** .684 
all soils were considered. LTPA-extractable Zn levels for 
calcareous mucks averaged 3.77 ppm as compared to 6,63 ppm 
in the noncalcarsous samples. The twofold difference in 
Zn exhibited between calcareous and noncalcareous samples in 
these organic soils equals the difference shown in the mineral 
soils. 
Calcium carbonate was not significantly correlated with 
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soil Zn when considered in conjunction with organic C and 
soil or buffer pH in a multiple correlation. 
Simple, partial and multiple correlation coefficients 
relating leaf Zn with soil Zn, pH, buffer pH, organic C and 
CaCOj content are shown in Table 10. When the relationships 
of pH, organic C and CaCO^ with leaf Zn are evaluated in a 
multiple linear correlation analysis, pH remains the soil 
property most highly correlated with leaf Zn. The partial r 
between leaf Zn and pH with organic C held constant is -0,366 
compared to a simple r value of -0.^09 when organic C is not 
considered. Together pH and organic C explain 22.8# of 
the variation in leaf Zn. The percentage of CaCO^ did not 
show a significant partial correlation with leaf Zn. 
The addition of soil Zn to a multiple correlation analysis 
including pH, organic C and CaCO^ increases the R from 0.228 
to 0.290, While soil Zn exhibits a hi^er partial r than any 
other variable, its value is reduced to 0.285 compared to a 
simple r of OA76. 
Quadratic and interaction effects The relationships 
between leaf Zn, soil Zn and soil properties were further 
evaluated for curvilinear and interaction effects. The soil 
properties that exhibited significant linear correlations in 
the multiple linear correlation ar^lysis were evaluated in re­
gression equations which included linear, quadratic and linear 
interaction terms. If the interaction term was not signifi­
cant at the 10^ level, it was dropped. 
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Plant Zn was found to have a significant curvilinear re­
lationship with DTPA Zn and pH (Table 12). Inclusion of quad-
ratio terms for these two variables increased the R to 0.357 
as compared to O.290 when only linear terms were included. 
Seventy-six percent of the variation in DTPA Zn was ex­
plained by adding quadratic and interaction terms for organic 
C and pH to the linear model while linear terms for these 
variables produced an of 6?#. The significant interaction 
term indicates a greater negative effect of pH at low organic 
C levels. 
Relationships between Fe and other variables 
Soil reaction was the soil property most closely related 
with DTPA-extractable Fe. Iron exhibited r values of -0.771 
and -0.833 with soil and buffer pH, respectively. The negative 
effect of pH on Fe solubility is well known and is illustrated 
by frequent Pe chlorosis symptoms in soybeans grown on calcare­
ous soils of the CW area. Corn is considerably less sensitive 
to Fe chlorosis, and definite Fe deficiency symptoms in corn 
were not observed in this survey. Nevertheless, the possibili­
ty of Fe nutrition problems on some calcareous soils cannot be 
ruled out. Light to moderate interveinal chlorosis of com 
leaves is frequently observed in the CNW area, particularly on 
calcareous soils. While this symptom is not unique for Fe and 
can be caused by a number of nutritional and environmental 
stresses, Fe deficiency is a possible cause. Interveinal 
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Table 12. Regression coefficients relating com-leaf Zn and 
DTPA extractable soil Zn to selected soil proper­
ties measured in samples from the field survey 
Corn-leaf Zn DTPA Zn 
Variables 
Regression 
coefficient Variables 
Regression 
coefficient 
205.251 
"0 -11.134 
DTPA Zn 1.561+ Organic C 2.766** 
(DTPA Zn)2 0.015 (Organic 0)^ -0.030** 
pH -50.066** pH 2.407 
(PH)2 3.320** (pH)2 
Organic C x pK 
-0.139 
-0.267** 
0.357 0.761 
chlorosis was also frequently observed in corn grown on cal­
careous soils in subsequent greenhouse experiments. In these 
Btuuies applications of Sn often intensified this chlorosis 
and actually reduced dry matter yields of com. This negative 
effect was reduced or eliminated by the addition of Fe fer­
tilizer indicating that the chlorosis was created by low Fe 
availability. The artificial conditions in the greenhouse 
cannot be applied directly to field situations; nevertheless5 
the possibility of Fe nutritional problems in calcareous soils 
should be considered. 
Soil organic matter was another soil property that showed 
a significant relationship with DTPA-extractable Fe (r = .36I). 
95 
The correlation was lower between soil Fe and organic C than 
observed between soil Zn and organic C (r = .790), but the 
complexing action of organic matter apparently increased the 
extractability of Fe as well as Zn. 
Relationships between Cu and other variables 
Available soil Cu as determined in the DTPA extract was 
not significantly correlated with any variable measured in this 
study including leaf Cu (r = .102). Soil organic matter is 
frequently cited in the literature as influencing Cu avail­
ability, but no significant correlation between organic C and 
soil Cu was found. Leaf Cu, however, showed a significant 
correlation of -0.571 with organic C indicating that soil 
organic matter did reduce Cu uptake. A negative effect of 
organic matter on Cu uptake was further suggested by the fact 
that leaf samples taken from the muck sites contained con­
siderably less Cu than those from the mineral soils. 
Organic matter is known to form strong bonds with Cu in 
the soil (Hodgson et al., I966) and may function as a competi­
tor with the plant root for available Cu when soil organic 
matter levels are high. However, Cu-organic matter complexes, 
though relatively unavailable to the corn plant, were apparent» 
ly soluble in the DTPA extractant. 
Summary 
Approximately 175 corn-leaf and soil samples were col­
lected and analyzed to obtain information regarding the 
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availability of Zn in the CNW soil association area in north-
central Iowa. An attempt was made to relate Zn concentrations 
in the samples with soil Zn, soil series and selected soil 
characteristics. 
Zinc levels in corn-leaf samples varied over a wide range 
but a significant number of samples contained concentrations 
below commonly accepted sufficiency levels. Thirty-eight 
percent of the samples contained 15-20 ppm and 18% less than 
15 ppm, considered to be medium and low ranges, respectively. 
Soil Zn as measured in 0.005M DTPA extractions, also showed a 
wide range in availability but the analyses were performed on 
field-moist soil samples for which critical levels have not 
been established and the significance of the measured levels 
is more difficult to assess. Sufficiency levels established 
in Colorado for air-dried soils were multiplied by 0.66? to 
estimate similar levels for field-moist soils. Three percent 
of the samples were in the estimated low range (<.3 ppm) and 
29% were in the medium range (.3-.6 ppm). 
Plant analyses indicated a greater number of sites testing 
low to medium in Zn than did soil analyses. The availability 
ranges for plant and soil Zn have not been well defined and 
some adjustment of the limits of these ranges may be necessary 
as field calibration data are acquired. While plant analyses 
reflected climatic and soil factors, some of which were not 
measured in this survey, failure to obtain yield response to 
applied Zn in the CNW area in earlier studies suggests that 
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plant analyses based on the critical concentrations employed 
here may underestimate Zn availability. 
Leaf and soil Zn were positively correlated (r = .476) 
but the resulting showed that the soil test explained less 
than 25?5 of the variation in leaf Zn content. Including the 
effect of soil properties increased the R only slightly. 
Zinc availability showed a positive relationship with 
soil organic matter and negative relationship with pH or 
CaCO^. Soil organic C exhibited an r value of 0,331 with leaf 
Zn and 0.79^ with DTPA Zn, while the r values for soil pH with 
leaf Zn and soil Zn were -0.409 and -0.380, respectively. 
Consequently, calcareous soils low in organic matter generally 
showed the lowest Zn availability while acid, high organic 
matter soils such as mucks and some Glencoes had the highest Zn 
availability. The only sites on which definite Zn deficiency 
symptoms in com were observed were the low organic matter, 
calcareous Stordens. 
Overall, the calcareous soils contained an average of 
1.03 ppm DTPA Zn as compared to 2.17 ppm in the acid soils. 
Leaf Zn was some lower in calcareous (19«5 Ppm) than in the 
noncalcareous soils (22.7 ppm). 
High levels of soil P ara frequently found to result in 
reduced absorption of Zn by plants, but in this survey the 
Zn content of com leaves appeared to increase slightly with 
higher levels of soil P. This tendency was attributed to the 
fact that soil pH and organic matter exhibited similar effects 
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on Zn and P levels in the soil and corn-leaf samples. While 
applications of P to a given soil may decrease Zn availability, 
these data would indicate that a general recommendation for 
Zn fertilizer on the basis of high soil or plant P tests is 
not justified. 
Iron extracted by DTPA was negatively correlated with 
soil pH (r = -.771) as the average level of Pe in noncalcare-
ous soils was nearly seven times as great as the level in 
calcareous soils. Nevertheless, the level of extractable Fe 
in even the calcareous soils appeared to be generally adequate 
by Colorado standards if allowance was made for the positive 
effect of drying on extractable Fe. In light of the frequent 
Fe chlorosis observed in soybeans in the CNW area on calcare­
ous soils recalibration of DTPA extractable Fe levels may be 
necessary, at least for this crop. A primary difference 
between Colorado soils and many of the soils in this study is 
the level of organic matter. Organic matter showed a positive 
correlation of O.36I with DTPA Pe, and in soils such as the 
Ganisteo and Harps may have had more effect on the soil test 
level than on actual Fe availability. 
Soil Cu levels were generally well above the critical 
level of 0.2 ppm suggested in Colorado s None of the soil 
properties measured appeared to affect DTPA Cu. Leaf Cu con­
centrations were generally very adequate although samples from 
a few muck soils contained questionable levels. Soil organic 
C showed a significant negative correlation of -0.571 with 
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leaf Cu. Leaf Gu showed no relationship with DTPA Cu. 
Effect of Field-Applied Lime on Zn Levels 
in Plants and Soils 
In the previous field survey the effect of several soil 
properties on the level of Zn in plant and soil samples was 
studied. The level of these soil properties was uncontrolled 
and it was not possible to study the effect on Zn of any one 
property with the others held constant. Samples from a series 
of field experiments conducted by Claassen (1971) provided an 
opportunity to study the effect of one property, soil pH, on 
Zn availability when the levels of other soil properties were 
constant. In this study, eight rates of limestone were applied 
at 10 field locations (see section on methods and procedures). 
Soil pH of the check plots of the 10 soils ranged from 5«^5 to 
6.^5 and the pH of plots receiving the highest rates of lime 
was generally increased to 7.5 to 7«9« It is recognized that 
liming resulted in large changes in the levels of exchange­
able Ca and Mg in the soils and that changes in these proper­
ties may have been partially responsible for the effects on 
Zn availability attributed to soil pK in the following 
discussion. 
Corn-leaf samples were analyzed for Zn, Fe, Cu and Mn in 
the original study but soil samples were not analyzed to 
evaluate the effect of limestone rates on the availability of 
these micronutrients. The current section presents the results 
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of analyses for Zn, Fe, Cu and Mn in DTPA extractions from the 
soil samples which had been held in cold storage. The , 
original corn-leaf analyses (Table 13) are also shown. Over­
all and within-site correlations between corn-leaf and soil 
levels of micronutrients and pH are presented in Tables 14- and 
15, respectively. 
Zinc 
Increasing soil pH by liming consistently reduced the 
concentration of Zn in com leaves» Soil pH showed a signifi­
cant negative linear correlation of =0.420 (Table 14) with 
leaf Zn when data from all sites and lime rates were included. 
This r value is very similar to the correlation of -0.410 
found between leaf Zn and pH in the previous field study. 
The within-site effect of pH on leaf Zn was measured by 
regressing leaf Zn against linear and quadratic terms for pH 
at each of the 10 sites. If the quadratic effect was signifi­
cant at the % level of probability, a multiple correlation 
(R) was calculated. If the quadratic effect was not signifi­
cant at the % level of probability, a simple linear correla­
tion (r) between leaf Zn and soil Zn was employed. 
The above technique was also employed for studying the 
relationship between soil Zn and pH. Correlation coefficients 
were deemed significant in this section if they were signifi­
cant at the Sfo level of probability or higher. While correla­
tion coefficients do not prove cause and effect, significant 
Table 13• Mean Zn, Pe, Cu and Mn concentrations (ppm) in corn-leaf and soil 
sample's collected in 19^9 from 10 lime experiments 
ecoe® Soil So ea m 
/A pH Leaf Soil Leaf Soil Leaf Soil Leaf Soil 
0 6.05 
1 6.30 
2 6.35 
4 6.65 
8 7.15 
16 7.40 
24 7.45 
32 7.60 
Site 1 (Readlyn) 
22.0 2.18 131 120 5.5 1.45 71.1 22.6 
20.6 2.37 128 149 6.4 1.61 63.9 21.9 
20.5 2.23 126 157 5.3 1.59 60.5 20.8 
19.5 2.13 130 122 6.1 1.56 60.4 16.7 
17.2 1.80 133 102 6.3 1.35 50.2 11.6 
17.1 1.65 134 93 6.3 1.41 51^4 9.6 
16.5 1.67 136 104 7.5 1.31 45.4 9.6 
16.6 1.58 141 93 6.2 1.28 46.5 8.4 
0 6.00 
1 6.10 
2 6.40 
4 6.75 
8 7.25 
16 7.30 
24 7.75 
32 7.80 
19.9 1.52 
20.3 1.69 
19.5 1.71 
19.4 1.56 
19.0 1.47 
18.1 1.40 
17.3 1.32 
17.4 1.46 
Site 2 (Taintor) 
141 157 
143 151 
144 136 
134 125 
152 115 
146 90 
146 68 
142 70 
5.9 1.77 
6.1 1.90 
5.7 1.88 
5.1 1.73 
6.2 1.57 
5.3 1.53 
5.9 1.44 
5.5 1.55 
68.8 21.8 
65.0 22.3 
55.2 18.3 
50.0 14.4 
48.1 10.8 
49.2 7.8 
51.4 7.0 
48.1 6.7 
Site 4 (Grundy) 
0 6.55 19.2 1.74 123 148 7.3 1-50 59.8 18.6 
1 6.70 18.9 2.53 119 108 6.1 1.36 50.9 17.3 
^[«ime treatments are given in units of 10"^ lb Effective CaCOo Equivalent/A. 
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13. (Continued) 
Soil Zii Fig Cu Mn 
PH leaf Soil Leaf Soil Leaf Soil Leaf Soil 
7.05 16.7 1.43 123 83 6.9 1.20 50.9 13.4 
7.15 18.1 1.66 129 87 7.5 1.43 57.1 11.9 
7.65 17.7 1.41 130 47 7.2 1.15 51.8 8.8 
7.75 16«4 2.12 127 57 8.2 1.39 54.5 8.6 
7.85 17o0 1.15 132 51 7.9 1.07 62.2 7.2 
7.95 16*4 1.45 129 44 7.7 1.08 59.3 6.8 
î\lï 
tlï 
7.00 
7.35 
7.40 
7.60 
5.95 
6,10 
6.35 
6.70 
7.05 
7.65 
7.75 7.80 
Site 5 (Nicollet) 
21.0 1.07 134 127 8.2 1.11 91.8 18.3 
21.4 1.29 138 116 9.6 1.39 89.3 16.8 
19.6 1.19 136 108 9.0 1.46 80.6 18.8 
19.0 1.79 134 75 9.1 1.69 68.0 14.6 
17.9 1.06 141 63 8.4 1.06 68.1 9.8 
16.7 0.80 132 42 9.7 0.82 69.0 7.4 
17.5 1.08 141 71 9.1 1.16 60.7 6.1 
15.9 0.89 139 34 9.7 1.04 62.4 6.0 
Site 6 (Galva) 
19.0 0.96 181 145 7.0 1.64 67.9 29.0 
20.3 0.98 175 148 7.1 1.34 69.0 28.0 
18.6 1.10 167 117 7.9 1.73 54.6 24.1 
17.7 0.98 178 111 7.0 1.35 49,8 19.4 
16.9 1.08 245 96 6.2 1.70 48.9 16.2 
16.2 0.93 173 70 8.2 1.61 49.6 9.1 
i;>.i 0.73 185 55 8.6 1.19 57.1 7.5 
l4.i 0.73 173 43 9.5 1.25 57.0 8.9 
S 
Table 13* (Continued) 
SCCE 
/A 
Soil 
pH 
Zn Fe Cu Mn 
Leaf Soil Leaf Soil Leaf Soil Leaf Soil 
Site 7 (Sharpsburg) 
0 5.45 26.1 1.15 98 156 8.1 1.45 107.3 45.1 
1 5.70 26.4 0.98 90 142 7.5 1.26 92.3 38.9 
2 5.85 24.9 1.11 90 126 8.0 1.33 91.0 33.8 
4 6.15 24.8 1.06 95 116 7.6 1.17 81.4 28.0 
8 6.85 25.8 0.98 97 90 7.1 1.15 74.6 17.6 
16 7.25 22.9 1.15 94 70 6.8 1.03 65.7 13.2 
24 7.50 21.5 1.01 100 50 7.3 0.94 66.2 10.9 
32 7.70 17.9 0.85 97 43 7.0 0.90 55.4 9.5 
Site ! 8 (Floyd) 
0 5.65 22.1 1.32 101 192 5.7 1.52 67.6 23.7 
1 5.90 21.4 1.24 103 196 5.2 1.51 60.7 22.3 
2 6.10 20.7 1.14 106 147 5.8 1.34 54.6 19.4 
4 6.55 19.6 1.08 109 137 6.1 1.40 51.2 15.4 
8 6.85 18.4 0.92 111 126 6.2 1.13 49.7 9.4 
16 7.25 14.7 0.69 111 96 6.7 1.07 50.9 7.5 
24 7.45 14.8 0.78 126 72 7.4 1.01 57.5 7.3 
32 7.55 13.2 0.74 138 62 7.8 1.00 62.2 7.1 
Site 9 (Muscatine ) 
0 5.65 34.1 2.60 151 116 8.4 1.66 103.5 18.0 
1 6.00 35.6 2.24 153 125 8.4 1.27 102.5 15.1 
2 6.20 31.0 2.80 162 118 8.0 1.40 83.7 18.2 
4 6.40 31.2 1.99 155 95 8.5 1.16 73.6 10.6 
8 6.95 29.8 2.23 163 148 8.8 1.31 76.1 19.7 
Table 13. (Continued) 
ECCE Soil Zn 
/A PH Leaf Soil 
16 7.25 23.7 2.34 
24 7.40 23.1 2.31 
32 7.55 19.9 2.37 
Fe 
Leaf 
163 
169 
161 
Site 11 
0 6.45 39.7 2.45 123 
1 6.65 37.4 2.45 122 
2 7.15 36.1 3.00 121 
4 7.45 35.5 2.21 129 
8 7.45 34.0 2.45 128 
16 7.65 24.1 2.20 125 
24 7,60 22.8 2.66 128 
32 7.70 25.5 2.49 119 
Site 
0 5.50 57.2 2.36 125 
1 5.70 58.4 1.98 123 
2 60I5 55.8 1.80 122 
4 60 60 43.9 1.44 124 
8 7.15 33.0 1.32 128 
16 7.60 27.4 1.07 126 
24 7-65 2 4 . 9  1.12 130 
32 7.75 24.0 1.24 129 
Mn 
Soil Leaf Soil 
1.20 58.4 13.6 
1.32 56.9 19.6 
1.57 49.9 18.9 
1.06 151.9 62.0 
0.90 147.8 47.6 
0.78 131.9 56.0 
1.00 124.1 47.6 
1.00 115.2 49.0 
0.96 85.4 39.0 
0.96 79.3 41.0 
0.96 80.2 47.0 
1.12 112.8 21.4 
1.05 115.7 20.1 
0.89 103.6 17.5 
0.92 82.1 17.3 
0.83 66.7 11.9 
0.83 65.2 10.0 
0.79 64.2 9.4 
0.80 62.6 9.7 
Table I3. (Continued) 
ECCE Soil — — — 
/A pH Leaf Soil Leaf Soil Leaf 
Mean of all sites 
0 5.85 28„0 1.96 131 137 9.0 
1 6.10 28,.l 1.88 129 131 9.0 
2 6.35 26.3 1.75 130 116 9.8 
4 6.70 24.9 1.59 132 100 9.6 
8 7.15 23.0 1.47 143 88 8.8 
16 7.45 19.7 1.44 133 71 9.0 
24 7.60 19.1 1.38 139 70 9.9 
32 7.70 18.1 1.38 137 61 9.5 
Soil Leaf Soil 
1.43 112.8 27.0 
1.38 115.7 25.0 
1.36 103.6 23.5 
1.3^ 82.1 19.6 
1.22 66.7 16.0 
1.18 65.2 12.6 
1.12 64.3 12.6 
1.14 62.6 12.9 
o 
Table 14. Simple correlation coefficients relating micronutrient content of corn-
leaf aind soil samples, soil pH and lime rates in the lime study (com­
bined data from 8 lime rates and 10 sites 
Zn ."Fe Cu Mn Soil 
pH ]Lea.f Soil Leaf Soil Leaf Soil Leaf Soil Lime 
Leaf Zn 1.000 
Soil Zn .468 1.000 
Leaf Fe -.182 .030 1.000 
Soil Fe .107 .033 .012 1.000 
Leaf Cu .410 -.043 .077 -.360 1.000 
Soil Cu -.342 .050 .366 .628 -.532 1.000 
Leaf Un .763 .448 -. 240 -.118 .428 -.35^f 1.000 
Soil Mn .432 .489 -.210 .001 .005 .088 .739 1.000 
Soil pH -.420 -.122 „165I -.758 .089 -.395 -.402 -.348 1.000 
Lime -.387 -.234 .104 -.555 .128 -.360 -.405 -.400 .832 1.000 
^Probability of a greater lr| under the null hypothesis» r Prob>(rI 
.182 .10 
.217 = .05 
.283 = .01 
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Table 15» Correlation coefficients relating soil pH and 
micronutrient content of corn-leaf and soil samples 
from the lime study (data within sites)®' 
Com-leaf Zn Corn-leaf Fe 
Site Soil Zn vs Soil Fe vs 
no. vs pH soil Zn vs pH vs pH soil Fe vs pH 
1 -.956 .924 -.988 -.819 -.876 .912 
2 -.785 .815 -. 962 -.977 -.257 .336 
4 -.494 .423 -.820 -.950 -.732 .822 
5 -.453 .480 -.980 -. 348 -.152 .313 
6 -.900 .721 -.950 -.982 .000 .000 
7 -.500 .559 -.834 -.995 -.486 .509 
8 -.976 .968 -.990 -.976 -.958 .856 
9 -.285 .000 -.941 -.633 .632 .629 
11 .138 .000 -.815 -.516 .000 .293 
12 -.?84 .918 -.985 -.998 -.795 .790 
Com-leaf Cu Corn-leaf Mn 
Site Soil Cu vs Soil Mn vs 
no. vs pH soil Cu vs pH vs pH soil Mn vs pH 
1 -.810 
-.503 .641 -.994 .947 -.968 
2 -.914 .130 .212 -.983 .974 -.981 
4 -.718 .164 .706 -.997 .271 .285 
5 -.519 .022 .434 -.981 .890 -.970 
6 
-.575 -.605 • o:)y '953 -.943 
7 -,962 - « 844 -.848 -.999 .978 -.970 
8 
-.958 -.891 .9J0 -.981 .871 -.973 
9 -.837 .084 -.522 .000 .078 -.955 
11 .000 -.498 -,482 -.598 .707 -.964 
12 -.936 - .486 .074 -.987 .954 -.978 
Jnderlined values are multiple correlation coefficients 
(R) and indicate a significant level of probability) curvi­
linear relationship. All other values are simply linear cor­
relation coefficients (r). Probability of a larger ( rj or 1.R.I 
under the null hypothesis» 
r Prob of l.rl R Prob of IRI 
.705 .05 .836 .05 
.834 .01 .917 .01 
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correlations will be discussed as indicating such when the 
relationship between two variables is one of an obvious cause 
and effect. 
The effect of soil pH on leaf Zn was significant and 
negative at all 10 sites, with r values ranging from -0.820 
to -0.990 (Table 15). Leaf Zn concentrations were reduced 
by lime to less than 15 ppm at two sites and to less than 20 
ppm at six others. Thus, increasing soil pH by liming effec­
tively reduced the uptake of Zn by com unless a dilution of 
Zn resulting from increased growth created the trend of lower 
concentration in the leaf with high lime rates. A dilution 
of Zn was unlikely, since yield increases from lime were rela­
tively small with the exception of site 8 where a yield 
response of 15 bushels per acre was obtained. 
In general, the level of DTPA-extractable Zn in the soil 
was above the 1.0 ppm concentration considered sufficient by 
Lindsay and Norvell (1969) and in no instance were levels 
found to be less than the 0.5 ppm deficiency concentration. 
Increasing soil pK decreased the concentration of DTPA-
extractable Zn, although the effect was not as large or as 
consistent as was observed for leaf Zn. Soil pH exhibited a 
significant effect on soil Zn at five sites (1, 2, 6, 8 and 12) 
but the overall correlation for all sites was only -0,122. 
It is difficult to relate the depressive effect of pH on 
soil Zn at some sites and not others to consistent differences 
in any soil property. However, the pH of the unlimed checks 
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appears to have had some influence on the effect of liming 
on soil Zn levels as there was a slight tendency for a 
greater effect of pH on soil Zn at sites where the initial 
pH was the lowest. For example, the mean initial pH of the 
five soils where no effect of pH on soil Zn was observed was 
6.01 compared to 5.83 at the five sites where increasing pH 
reduced soil Zn. Increasing the pH failed to significantly 
reduce soil Zn at two sites which had initial soil pH values 
near 6.5. Leaf Zn concentrations at these two sites were re­
duced by increasing pH, however. 
Soil organic matter content was not determined but it did 
not appear to interact with the effect of pH on soil Zn. The 
Floyd (site 8) and Muscatine (site 9) soils probably contained 
the highest organic matter contents of the soil studied, but 
increasing pH reduced soil Zn only at the former site. In 
Fayette soils with low organic matter levels (sites 11 and 12) 
increasing pH affected soil Zn at only one site. At site 12 ,  
liming reduced soil Zn nearly ^0^ but no effect was observed 
at site 11. An initial pK of 6A$ at the latter site may have 
reduced the liming effect. 
This study also presented an opportunity to further 
evaluate the relationship between the concentration of Zn in 
corn plants grown in the field and DTPA-extractable Zn in the 
soil. A simple linear correlation analysis of the combined 
data from all sites showed a significant r value of 0.468 
between com-leaf and soil Zn (Table 14). Interestingly, a 
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very similar r value of OA76 was found between corn-leaf and 
soil Zn in the field survey discussed in the previous section. 
The relationship "between levels of Zn in com-leaf and 
soil samples varied widely among sites. Leaf and soil Zn were 
highly correlated only at those sites where pH and soil Zn 
were correlated (sites 1, 2, 6, 8 and 12). At the other five 
sites, there appeared to be little or no relationship between 
leaf and soil Zn. 
Iron 
High soil pH has been demonstrated to reduce the avail­
ability of Fe (Brown, 196I) and Fe chlorosis of soybeans is 
frequently observed on calcareous soils in the CNW soil 
association of Iowa. In this study increasing the pH had a 
definite negative effect on soil Fe (r = -.758) but showed 
no significant relationship with leaf Fe (r = -.162). The 
level of soil Pe extracted by DTPA was reduced by liming to 
less than 30?S of the level found in the check plots at many 
sites. In fact, at 6 of the 10 sites, soil Pe in plots re­
ceiving the highest rate of lime was reduced rather consis­
tently to 26 to 32% of the level in the check plots. Increas­
ing soil pH significantly reduced soil Fe at all sites except 
9 and 11. 
The negative effect of pH on DTPA-extractable Fe could 
be either an indication of the extractant's ability to reflect 
a decrease in Fe availability or merely a result of a failure 
of the buffer in the extractant to maintain the pH of the 
Ill 
extractant near its initial value of 7>3» Dr. W. L. Lindsay, 
Agronomy Department, Colorado State University, indicated in 
private communications that research in his laboratory showed 
extractable Fe to be very sensitive to the extractant pH. 
For example, increasing the extractant pH from 7-3 to 7*9 
reduced extractable Fe nearly 400^ in some samples. However, 
in the present study it appeared that even the lowest rates 
of lime, which should not have been sufficient to greatly 
alter the extractant pH, tended to reduce soil Fe concentra­
tions. Thus an increase in the pH of the extractant if it 
occurred was not likely the only factor responsible for 
decreased Fe extractability at higher pH values. 
In spite of the large reductions in soil Fe with increas­
ing pK, the levels of DTPA-extractable Fe were well above the 
marginal level of 4.0 ppm suggested for sorghum in Colorado. 
The lowest level of extractable Fe found was 25 ppm, thus it 
is doubtful that Fe deficiency problems were created by the 
application of lime in this study. 
In general, plant Fe was poorly correlated with all 
variables including soil Fe (r = .012). Exceptions occurred 
at sites 1, 8 and 12, where soil pH and soil Fe showed sig­
nificant correlations with leaf Fe* The effect of soil pH 
on leaf Fe was also significant at site 4. However, leaf Fe 
increased with increasing lime rates at these sites producing 
a positive correlation with pH and a negative correlation with 
soil Fe. Glaassen (1971) proposed a greater proliferation of 
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roots into underlying unlimed soil or a greater mobility of 
Fe within the plant on limed plots as a possible explanation 
for the increase in leaf Fe with lime. In general, however, 
total Fe content of plant material is not a reliable indicator 
of Fe availability. In fact, plant analysis conducted in the 
Agronomy Department, Iowa State University, has often shown 
Fe concentrations of soybean leaves to be very high in plants 
showing visible Fe deficiency. It is possible that the in­
crease in leaf Fe with liming may be due to the strong nega­
tive relationship between leaf Fe and leaf Mn and Zn, both of 
which were sharply reduced by liming. 
Copper 
High pH generally has not shown the depressive effect on 
Cu availability that it has with Zn, Fe and Mn (Stryker, I96?; 
Hodgson et al., I966). In this study pH was not significantly 
correlated with leaf Cu (r = .089). but it showed a significant 
negative r value of -0=395 with soil Cu. Soil Cu was sig­
nificantly reduced by increasing soil pH at sites 1, 2, 4, 
7, 8, 9 and 12. In addition, there appeared to be a definite 
reduction in soil Cu associated with the two highest rates of 
lime at site 6. In no case did soil Cu levels approach the 
0.2 ppm critical level established by the Colorado State 
Soil Testing Laboratory. Corn-leaf Cu levels were above the 
critical level of 4 to 5 ppm suggested for mineral soils by 
Jones (1972) at all sites. The effect of pH on leaf Cu was 
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small and inconsistent. At site 7 there was a significant 
negative correlation (r = -,848) between leaf Cu and pH, 
However, at site 8, there was a significant positive correla­
tion of leaf Cu with pH (r = .970)« 
Unlike the previous field survey this study showed a 
significant correlation between leaf and soil Cu. However, 
the correlation was negative (r = -.532). A slight increase 
in leaf Cu with increasing pH combined with a pronounced de­
creasing trend in soil Cu with increasing pH to produce this 
correlation. 
Manganese 
Increasing soil pH greatly reduced Mn availability as 
evidenced by an average reduction in leaf and soil Mn levels 
of over 50^ by the highest rates of lime. White (1970) also 
found that lime reduced Mn content in plants and soils 
(IN NH^OAC extractable Mn). Soil pH was significantly corre­
lated with soil Mn at all sites except 9 and 11 and with leaf 
Mn at all sites except site 4. At many of the sites correla­
tions of -0.950 to -0.990 were found. The greatest reductions 
in soil and plant Mn were achieved from low rates of lime which 
raised the pH to near neutrality. Raising the pK above 7*0 
appeared to further reduce Mn availability only slightly. The 
lowest level of Mn found with any treatment was 6.0 ppm which 
is considerably above the 1.0 ppm critical level suggested at 
Colorado. 
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The correlation between soil and leaf Mn (r = .739) 
was much higher than found between soil and leaf levels of 
Zn, Fe or Cu as only two sites failed to show a significant 
correlation between soil and leaf Mn. 
Summary 
Availability of soil samples collected by Claassen (1971) 
from a series of lime experiments provided an opportunity to 
study the effect of soil pH on DTPA-extractable Zn, Pe, Cu, 
and Mn levels in 10 soils. Chemical analyses of corn-leaf 
samples from the same experiments were also available and 
permitted a study of the relationship between leaf and soil 
micronutrient content, as well as soil pH. 
Increasing the soil pH by liming significantly reduced the 
Zn content of corn leaves at all sites and reduced soil Zn ex­
tracted by DTPA at approximately half of the sites. Leaf and 
soil Zn levels were positively related but the correlations 
were significant only for the sites where soil Zn levels were 
reduced by liming. Soil properties other than soil pH must 
have exerted a strong influence on Zn availability or uptake 
at several sites. 
Liming reduced DrPA-extractable Fe in the soil to less 
than 30^ of the level found in the unlimed control plots at 
several sites. The Fe content of leaf samples tended to in­
crease with liming but was poorly correlated with both soil pK 
and soil Fe levels. 
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Increasing the soil pH reduced extractable Cu in nearly 
all of the soils but tended to increase Cu levels in the leaf 
samples. The result was a general negative relationship be­
tween soil and plant Cu content. 
Plant and soil Mn levels were both significantly reduced 
by liming and were highly correlated with each other. 
The direct effect of soil pH on the level of a given 
micronutrient may have been masked to some extent by inter­
actions of that micronutrient with other nutrients which were 
affected by lime. 
Zinc Availability as Measured by Plant Response in 
the Greenhouse and by Several Soil Test Methods 
Introduction 
Two greenhouse studies were conducted to measure the 
response of com to applied Zn. A primary objective of these 
studies was to compare the relative Zn supplying power of 
representative soils from the major soil associations in Iowa 
under controlled greenhouse conditions. The growth response 
of corn to applied 2n was then related to selected soil 
properties in order to determine which soil properties are most 
likely to result in low Zn availability in the field: 
A second major objective of these studies was to select 
the chemical method of extracting soil Zn that most accurately 
assessed availability in Iowa soils and which could be used as 
a Zn soil test in Iowa. The degree of correlation between 
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quantities of soil Zn extracted by each of five extractants 
and the response of corn to applied Zn was employed as the 
basis for selecting a "best" method. The effect of various 
soil properties on Zn extracted by the five methods and on 
the ability of the methods to relate to Zn response was also 
evaluated. 
A final objective of the greenhouse studies was to measure 
the effect of air-drying soils on the availability of Zn. Ten 
soils from the second greenhouse experiment were air-dried 
to compare Zn response by plants grown on dried and undried 
soils. In addition, air-dried and field-moist samples of all 
soils studied in the greenhouse experiments were analyzed for 
Zn by the five methods to evaluate the effect of drying on 
soil-test levels and subsequent correlations with plant yield 
response. 
Only one greenhouse study involving 24 topsoils and six 
subsoils was originally intended. Successive croppings with 
com were planned in an attempt to deplete the level of Zn to 
a point where a response to 2n would occur on most or all of 
the soils. However, an Fe chelate applied during the first 
cropping period inhibited germination and growth of a second 
crop. Since it was not possible to continue working with 
these soil samples, a second experiment was initiated with 37 
soils from new sites. Together the two experiments provide 
information on Zn availability of 61 topsoils and six subsoils 
representing most of the major soil associations. More 
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information regarding details of these experiments is pre­
sented in the section on methods and procedures. 
General properties of soils studied 
Chemical and physical properties of the soils used in 
greenhouse Experiments 1 and 2 are presented in Tables 16 and 
17, respectively. Laboratory determinations were made for 
soil and buffer pH and the content of organic C, CaCO^, clay 
and available P, K and Fe. Additional analyses were made for 
the total content of Ca, Mg and K soluble in O.IN HCl for use 
as a parameter to adjust the critical level of 2n soluble in 
this extracteint. 
Experiment 1 Soil pH for the 30 soils employed in this 
greenhouse study ranged from 5»5 to 8.2, a range which brackets 
the pH of most soils found in the state of Iowa. Special 
emphasis was placed on obtaining alkaline soils and 11 of the 
30 soils had a pH of 7=0 or above- The CaCO« content ranged 
as high as 19.^  ^with eight samples containing over the 1% 
level defined as being calcareous in this study. 
Organic matter (organic C x 1.72) ranged from O.91 to 
8.07# in the topsoil samples and from 0,1? to 2,82^ in the sub­
soils» As expected; the organic matter content was lowest in 
the subsoils and the eroded topsoils such as the Storden and 
Ida. Clay content ranged from 14.8# in a Dickinson fine 
sandy loam to 42.0# in a Luton silty clay. 
Available P, K and Pe were not expected to be closely 
Table 16. Some chemical and physical properties of the 30 Iowa soils used in 
greentiouse Experiment 1 
Sum of cations^ Organic 
Soil Buffer C GaCOo Clay P K FM AD 
no» Soil series pH pH ——pp2m——— ——meq/lOOg—— 
1 Edina 6.4 6.9 1.50 0.0 29 15 73 19 17 
2 Weller 5.7 6.6 0.79 0.0 31 11 87 16 14 
3 Canisteo 7.8 7.4 3.91 3.3 37 33 140 113 94 
4 Canisteo 7.8 7.^ 3.94 1.5 36 55 137 58 56 
5 Canisteo" 8.2 7.5 1.54 7.0 42 7 46 168 152 
6 Webster 7.8 7.4 2.40 0.7 3^ 11 111 51 45 
7 Harps 8.0 7.5 4.69 8.1 40 4 226 194 200 
8 Storden 8.3 7.5 0.69 19.4 35 3 84 255 253 
9 Clarion 6.7 6.8 2.10 0.0 27 30 259 21 21 
10 Fayette 6.3 7'.P 1.35 0.0 23 24 269 16 14 
11 Fayette^' 5.8 6.7 0.41 0.0 26 37 53 17 16 
12 Galva 6.0 6.4 2.86 0.0 34 16 280 31 26 
13 Primghar 6.6 6.8 2.85 0.1 38 8 130 35 33 
14 Primghai'U 6.5 6.8 1.64 0.1 40 5 57 33 32 
15 Clyde 5.6 6.3 3.28 0.0 30 10 74 24 26 
16 Kenyon 6.5 6.8 1.84 0.0 24 22 130 19 18 
17 Kenyont> 6.0 6.5 1.12 0.0 24 6 59 11 11 
18 Luton 6.4 6.9 2.43 0.6 42 79 755 45 42 
19 Haynie 8.1 7.5 0.66 4.8 20 9 338 106 99 
20 Marshall 6.5 6.8 2.18 0.0 20 36 525 27 21 
^Sum of Ca, Mg and K in the O.IN HCl extract for the FM (field-moist) and AD 
(air-dried)sample s. 
^Sample taken from the 12-18 inch profile. 
Table 16. (Continued) 
Organic Sum of cations' 
Soil 
no. Soil series pH 
Buffe]r 
pH 
C CaCO^ Clay P K 
——pp2m——— 
M AD 
——meq/lOO—— 
21 Monona 6.0 6.6 1.92 0.0 30 58 293 22 20 
22 Ida 8.1 7.5 0.53 12.8 20 3 213 225 218 
23 I dab 8.4 7.6 0.10 10.2 20 10 197 212 198 
2if Moody 6.2 6.6 2.07 0.0 32 9 240 25 27 
25 Moody" 6.9 7.1 1.08 0.1 36 7 78 29 27 
26 Tama 7.0 7.1 2.16 0.2 30 99 538 23 22 
27 Sharpsbiirg 5.6 6.4 2.36 0.0 32 76 914 20 19 
28 Dickinson 6.7 7.2 1.22 0.2 15 30 76 11 11 
29 Mahaska 5.5 6.2 2.18 0.0 33 26 140 23 23 
30 Primghar 5.6 6.4 2.70 0.0 32 26 182 24 23 
Table ly. Some chemical and physical properties of 37 Iowa soils used in green­
house Experiment 2 
Sum of cations®" 
Organic 
Soil ^ Buffer C CaCOo Clay P K FM AD 
no « Soil series pH pH — ——pp2m——— ——meg/100—— 
1 Nicollet 6.7 6.8 2.15 0.0 28 35 215 22 22 
2 Webster 6.6 6.8 4.49 0.6 25 38 145 53 52 
3 Canisteo 7.4 7.2 4.46 1.0 43 98 368 56 57 
4 Harps 7.8 7.4 4.24 18.0 36 5 136 275 208 
5 Harps 8.0 7.4 4.00 4.5 45 24 167 135 130 
6 Canisteo 8.0 7.4 5.55 36 15 66 150 138 
7 Hagener 7.3 7.2 1.77 0.1 17 26 132 18 18 
8 Canisteo 8.0 7.4 2.75 10.3 28 6 86 232 224 
9 Webster 7.6 7.3 2.39 0.9 37 38 160 42 44 
10 Clarion 7.5 7.2 1.52 0.4 32 75 278 23 22 
11 Marcus 6.3 6.6 3.51 0.6 42 38 186 42 41 
12 Sac 6.4 6.7 2.66 0.2 40 22 176 29 28 
13 Galva 6.8 6.9 2.40 0.3 28 38 340 29 28 
14 Primghar 8.0 7.4 3.11 3.0 34 14 194 86 82 
15 Moody 5.6 6.3 2.59 0.2 34 55 235 24 23 
16 Ida 8.0 7.5 0.63 10.0 19 8 228 214 147 
17 Monona 6.4 6.8 2.09 0.0 29 75 600 24 22 
18 Marshall 6.2 6.8 1.52 0.0 37 46 298 25 24 
19 Marshall 6.2 6.6 1.36 0.2 37 38 786 25 23 
20 Napier 8.0 7.4 1.81 1.5 21 31 262 47 45 
^Sum of Ca, Mg and K in the O.IN HCl extract for FM (field moist) and AD (air 
dried) samples. 
Table 17, (Continued) 
Organic Sum of cations 
Soil Buffer 0 CaCOo Clay P K m AD 
no. Soil Series: pH pH ——pp2iii——— —meq/100— 
21 Ida 8.2 7.5 0.70 11.3 zk- 5 200 142 170 
22 Mcollet 6.1 6.6 2.19 0.0 27 61 255 16 15 
23 Otley 6.7 6.7 2.66 0.1 36 36 230 28 26 
24 Edina 6.3 6.9 1.74 0.0 16 86 131 21 20 
25 Dickinson 6.1 6.9 1.23 0.2 19 20 108 13 13 
26 Hagener 6.0 7.1 0.76 0.0 12 99 243 8 9 
27 Downs 5.8 6.6 1.92 0.0 29 95 540 18 17 
28 Fayette 6.2 7.0 0.86 0.0 24 45 155 15 13 
29 Fayette 7.7 7.4 1.54 0.4 26 28 141 28 27 
30 Kenyon 5.8 6.5 2.04 0.0 24 27 203 15 14 
31 Clyde 7.1 7.0 5.80 0.0 28 39 270 54 51 
32 Floyd 7.0 7.1 4.70 0.0 26 30 241 41 41 
33 Dickinson 5.7 6.6 1.10 0.0 16 78 364 9 8 
34 Dinsdale 6.6 6.8 2.27 0.0 31 49 382 21 23 
35 Muscatine 7.4 7.2 4.26 0.9 34 99 210 60 63 
36 Fayette 6.9 7.1 0.81 0.1 37 44 168 22 22 
37 Webster 6.4 6.8 2.71 0.7 33 30 105 42 39 
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related to Zn availability, but analyses were performed to 
detect any extremes in the levels of these nutrients which 
might help interpret otherwise unexplained results. Avail­
able P and K were very low in most of the subsoils and in 
several topsoils. As a result, it is very possible that even 
though high levels of P and K were added to the sand layer 
below the soil in the pots, these nutrients may have been 
limiting in deficient soils. All of the DTPA-Fe analyses 
showed available Fe to be above ^.0 ppm which has been sug­
gested as a critical level in air-dried soils for sorghum in 
Colorado (Lindsay and Norvell, I969, Development of a DTPA 
micronutrient soil test, Agronomy Abstracts, p. 84). Never­
theless, Fe deficiency was a problem in several calcareous 
soils, especially in pots where Zn was applied. 
Experiment 2 Soil pH ranged from 5*6 to 8.2 for the 
37 soils used in this study, with 16 soils showing pH values 
above 7.0. The CaGO^ content ranged from 0 to 18,00 with 
nine soils containing levels of Vfo or higher. 
Organic matter content of these soils ranged from 1<,GQ% 
in an Ida soil to 9'98# in a Clyde, but in general there were 
fewer soils containing the very low organic matter levels 
found in the subsoils of the first experiment. 
Clay content ranged from 12.55^ in a Hagener sandy loam to 
in a Harps silty clay. Four sandy-textured soils contain­
ing less than ZOfa clay were included in the study. 
As in the first experiment available P and K levels 
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ranged from very low to very high although the range was gen­
erally narrower. Potassium levels were below 100 pp2m in only 
two soils and P levels were never above 100 pp2m. Soil-Fe 
levels were all above the 4.0 critical level and ranged from 
9.1 to 100 ppm. Iron deficiency symptoms were observed in 
several calcareous soils, however. 
Plant response to applied Zn in the greenhouse 
Dry matter (DM) yield, Zn concentration and Zn yield 
averaged across replications are presented in Tables 18 and 19 
for Experiments 1 and 2, respectively. Data for Individual 
pots are shown in Tables A-4 and A-5» Appendix. Dry matter 
yield and Zn yield were calculated in terms of percent re­
sponse for later correlations with soil tests. Dry matter 
yield response was calculated as the MI yield from the y.5 mg 
Zn treatment, minus the DM yield of the check divided by the 
DM yield of the 7^5 mg Zn treatment. This figure was 
multiplied by 100 and expressed as a percentage. Zinc yield 
response was calculated in the same fashion except that Zn 
yield (Zn concentration x DM yield) was used. 
The effect of Zn on M yield, plant Zn level, and Zn 
yield will be discussed in general terms for greenhouse Es-
periments 1 and 2 in the following pages. Additional remarks 
will be reserved for later sections when response is related 
to Zn soil test levels and to other soil properties. 
In general, the potting technique of diluting the soil 
Table 18« Dry matter yield, 2n cmcentration and Zn yield of corn as influenced by application 
of Zn oti 30 Iowa soils in greenhouse Experiment 1 
Soil 
no. 
Soil 
series 
m yield (fg/pot) 
0 .75 7.5 
•—ing Zn applied 
m 
yield 
response 
% 
Zn concentration 
(EESi 
0 .75 7.5 
--mg Zn applied"— 
Zn Yield (|ig/pot) 
0 .75 7.5 
—mg Zn applied 
Zn 
yield ^ 
response' 
% 
1 Edina 13.2 13.2 13.0 -1.9 31.5 34.5 50.8 413.3 455.3 659.3 37.3 
2 Weller 10.0 11.3 11.1 9.6 26.4 29.3 46.7 261.5 330.6 515.8 49.3 
3 Canisteo 6.0 5.5 6.9 13.3 25.1 31.4 37.8 134.5 173.1 261.6 42.4 
4 Caiaisteo 7.0 7.3 8.4 16.4 19.7 29.1 41.4 139.6 207.1 345.4 59.6 
5 Canisteob 1.9 2.5 2.8 34.0 28.6 30.5 70.5 52.4 84.1 195.4 73.2 
6 Webster 6.6 6.0 6.7 1.9 21.9 25.6 4f».9 144.9 153.8 301.5 51.9 
7 Harps 2.9 3.8 4.7 38.0 25.1 28.9 39.1 72.3 108.2 182.5 60.4 
8 Storden 3.0 2.6 4.2 28.3 21.2 33.9 59.4 63.1 88.4 253.4 75.1 
9 Clarion 8.9 9.0 9.2 3.5 31.4 26.4 43.2 276.8 239.3 398.2 30.5 
10 Fayette 6.3 7.0 8.2 23.1 19.6 24.8 39.3 124.1 174.7 324.5 61.8 
11 Fayette^ 3.0 3.3 5.4 43.8 22.1 30.5 60.0 66.8 101.3 323.8 79.4 
12 Galva 6.8 6.6 7.5 9.1 26.5 27.0 36.1 179.1 177.3 272.7 34.3 
13 Primghar 8.1 8.7 9.4 13.6 20.0 22.9 36.4 163.8 200.9 341.8 52.1 
14 Primghar® 6.2 8.0 8.2 25.4 14.6 23.6 35.0 91.3 186.8 289.7 68.5 
15 Clyde 8.0 8.4 8.4 4.8 26.2 27.9 39.9 211.8 235.5 335.6 36.9 
16 Kenyon 7.3 7.6 8.7 16.4 20.0 26.3 36.5 146.3 197.0 319.1 54.2 
17 Kenyon 2.8 3.5 4.7 41.5 20.1 27.7 57.3 56.5 97.6 269.9 79.1 
18 Luton 9.6 9.9 9.7 .9 24.7 25.9 37.4 238.0 285.6 368.4 35.4 
19 Haynie 5.3 5.6 6.8 22.1 31.0 33.8 50.2 165.3 189.3 344.0 51.9 
20 Marshall 5.3 8.4 9.8 46.0 27.7 24.6 32.9 146.9 206.1 321.8 54.4 
^Response to tlie 7.5 mg Zn rate. 
^Samples talcein from the 12-18 in. depth. 
rvj 
Table 18. (Continued) 
DM 
yield ^ 
Zn concentration Zn 
yield ^ ".DM yield (g/pot) (ppm) Zn yield (ug/pot) 
Soli Soil 0 .75 7.5 response 0 .75 7.5 0 .75 7.5 response 
no. series --mg Zn applied—- % —mg Zn applied ----mg Zn applied---- % 
21 Monona 7.4 7.3 8.9 16.5 22.4 23.7 34.2 166.6 173.0 304.4 45.3 
22 Ida. 
Ida 
3.4 4.3 5.2 34.7 21.9 21.6 36.9 73.8 92.2 193.4 61.8 
23 2.2 2.4 4.3 47.4 19.0 27.0 51.2 42.0 63.5 210.1 80.0 
24 Uoody 6.0 7.6 7.5 19.5 21.0 21.3 35.8 126.5 160.7 270.6 53.3 
25 Moody 4.9 6.1 6.9 28.3 18.4 23.1 48.6 91.9 140.1 334.6 72.5 
26 Tama 7.6 7.2 7.4 -2.3 25.0 23.9 35.9 189.2 171.4 266.0 28.9 
27 Sharpsburg 6.9 6.6 7.2 5.4 34.8 32.6 42.3 238.4 208.9 306.5 22.2 
28 Dickinson 6.3 7.6 7.1 11.1 37.5 38i6 58.8 235.2 293.6 415.7 43.4 
29 Mahaska 6.8 9.3 9.0 24.4 30.2 27.2 42.9 203.2 253.8 386.2 47.3 
30 Primghar 9.1 9.8 9.8 7.6 19.7 42.6 43.7 178.6 416.6 430.3 58.5 
Table 19. Dry matter yield, Zn concentration and Zn yield of corn as influenced 
by the application of Zn on 37 Iowa soils in greenhouse Experiment 2 
DM yield 
(g/T)0t) 
Soil Soil 7.5 
no. series mg Zn applied 
1 Nicollet 41.0 43.7 
2 Webster 31.9 37.2 
3 Csinisteo 26.4 29.6 
4 Harps 13.7 26.5 
5 Harps 12.2 22.4 
6 Canisteo 14.2 23.2 
7 Hagener 29.5 39.3 
8 Canisteo 10.2 27.3 
9 Webster 19.2 33.0 
10 Clarion 27.3 39.3 
11 Marcus 29.5 32.6 
12 Sac 36.3 43.8 
13 Gal va 29.9 35.6 
14 Primghar 14.3 20.6 
15 Moody 39.6 40.8 
16 Ida 10.0 35.0 
17 Monona 40.2 43o6 
18 Marshall 34.0 33» 6 
19 Marshall 40.5 41.8 
20 Napier 4.0 27.0 
m 
yield 
response 
(^) 
Zn concentra-
tion (ppm) 
Zn yield 
(gg/pot) 
7.5 0 7.5 
-mg Zn applied 
6.2 15.6 30.4 631.4 
14.2 11.1 29.0 352.4 
10.8 15.9 25.0 446.1 
48.3 15.6 30.1 217.0 
45.5 12.5 28.1 152.5 
38.8 11.4 28.4 159.5 
24.9 13.6 19.9 469.0 
62.6 8.6 24.8 88.7 
41.8 15.0 27.2 302.1 
30.5 17.3 20.7 469.8 
9.5 17.8 28.5 529.5 
17.1 11.3 33.8 410.7 
16.0 14.6 31.2 435.0 
30.6 13.3 30.1 191.2 
2.9 19.0 24.8 771.1 
71.4 10.1 14.9 101.1 
7.8 14.5 23.1 580.3 
-1.2 16.8 28.8 556.5 
3.1 20.6 28.8 833.3 
85.2 10.9 19.5 43.5 
1329.4 
1072.1 
742.0 
884.2 
627.5 
657.7 
782.1 
700.0 
880.0 
800.6 
915.8 
1436.2 
1118.3 
627.2 
1006.2 
322.0 
1015.2 
979.0 
1206.7 
521.6 
Zn 
yield 
phos­
phorus 
52.5 
67.1 
39.9 
75.5 
75.7 
75.8 
40.0 
87.3 
65.7 
41.3 
42.2 
71.4 
61.1 
69.5 
23.4 
80.6 
42.8 
43.2 
30.9 
91.7 
Table 19. (Continued) 
Soil 
no. 
Soil 
aeries 
yield 
(g/pot) DM yield 
response 
W 
Zn concentra­
tion (îîpm) 
Zn yield 
(ug/pot) Zn yield 
phos­
phorus 
0 7.5 
mg Zn applied 
0 7.5 0 7.5 
21 Ida 4.1 34.1 88.0 8.3 16.5 33.7 563.4 94.0 
22 Nicollet 43.5 44.3 1.8 14.6 32.8 626.1 1456.7 57.0 
23 Otley 38.4 39.2 2.0 15.8 31.1 606.1 1355.8 55.3 
24 Edina 41.1 42.9 4.2 16.3 26.9 665.9 1154.0 42.3 
25 Dickinson 28.9 43.1 3.3 16.1 25.8 464.4 1112.9 58.3 
26 Hagener 44.0 43.0 —2 0 3 17.1 25.8 750.3 1110.4 32.4 
27 Downs 40.8 46.4 12.1 16.2 26.8 652.7 1242.6 47.5 
28 Payette 36.5 39.5 7.6 11.0 29.2 420.3 1150.6 63.5 
29 Payette 24.4 39.6 38.4 10.6 19.8 250.0 782.0 67.9 
30 Kenyon 37.8 40.1 5.7 19.8 27.3 744.5 1085.8 31.4 
31 Clyde 21.4 25.1 14.7 13.9 20.3 296.1 510.5 42,0 
32 Floyd 25.6 29.9 14.4 11.7 21.7 301.1 651.1 53.8 
33 Dickinson 39.8 43.6 8.7 12.5 30.4 501.4 1326.4 62.2 
34 Dinsdale 42.9 40.9 -4.9 16.5 26.0 704.8 1061.1 33.6 
35 Muscatine 27.0 31.6 14.6 12.5 22.4 335.2 701.2 52.2 
36 Payette 30.8 36.3 15.2 9.1 20.7 275.8 745.0 62.2 
37 Webster 27.1 37.3 27.4 9.3 23.9 257.5 884.5 71.3 
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with inert sand appeared to successfully encourage response of 
com to Zn. Plants receiving Zn consistently outyielded plants 
in check pots in both experiments. In fact, in the first ex­
periment IM yield of com receiving 7.5 mg of Zr^/pot was 
greater than DM yield in the check pots for 28 of the 30 soils. 
Dry matter yield for the 0.75 mg Zn treatment outyielded the 
check in 22 of the 30 soils. In the second experiment DM 
production was greater for the Zn-treated pots than the check' 
pots in 3^ out of 37 soils. Many of these responses were not 
statistically significant, but they illustrate a consistent 
positive effect of Zn on the growth of com in these experi­
ments. 
Response to Zn was undoubtedly enhanced by the procedure 
of limiting the quantity of soil available to the plant roots 
by mixing sand with the soil. However, this dilution effect 
was apparently not great. Plants were grown on four soils 
without adding any sand to provide an indication of response 
in soil alone. These pots were planted and maintained along 
with the main experiment, k check of TM yields showed that 
DM yield response to Zn was almost identical for the soil and 
soil-sand mixture in each of these four soils. 
Experiment 1==DM yield An analysis of variance of DM 
yields of com grown in Experiment 1 is shown in Table 20. Dry 
matter yield differed among soils as indicated by the highly 
significant F test of the soil effect. Some of this effect is 
due to variation in DM yields of the Zn-treated pots as well 
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Table 20. Analysis of variance of dry matter yield of com 
plants grown in greenhouse Experiment 1^ 
Source of Mean 
variation DP square F 
Blocks 2 9.563 15.36** 
Soils 29 52.803 84.80** 
Zn 2 38.670 61.10** 
Soils X Zn 58 1.086 1.74** 
Error 178 0.623 
Total 269 
^CV = 11.4#. 
as variation among check pots. Dry matter production from pots 
receiving adequate levels of Zn should have been relatively 
uniform from soil to soil since fertility differences were 
supposedly removed through the application of all limiting 
nutrients. However, some fertility differences together with 
differences in physical properties affecting soil structure 
and soil-air-water relationships led to large differences in 
the suitability of different soils as a growth medium. These 
differences were particularly pronounced between subsoils and 
topsoils as DM yield of com receiving 7*5 mg of Zn ranged 
from 2.81 g in the Canisteo subsoil to 12.98 in the Edina 
topsoil. 
One fertility factor that may not have been completely 
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controlled in either greenhouse study was that of Pe nutrition. 
Iron deficiency symptoms of interveinal chlorosis in leaves were 
common on plants grown on calcareous soils, particularly when 
Zn was applied. The addition of Pe chelates generally elimin­
ated the symptoms; however, in some of the soils slight to 
moderate Pe chlorosis symptoms were observed at various times 
throughout the experiments. Less than ideal Pe nutrition in 
some calcareous soils undoubtedly prevented maximum DM pro­
duction, especially in the Zn-treated pots. 
The effect of Zn on yield was also highly significant. 
The average EM yield from check pots was 6.20 g as compared to 
6,89 g for the 0.75 mg Zn treatment and 7.58 g for the 7*5 mg 
Zn treatment. The intermediate rate of Zn was selected at 
one-tenth the level of the full rate because much of the re­
sponse was expected to come from the initial increment of Zn. 
It was hoped that this rate would give approximately $0^ of the 
total m response. The results show that by chance the isaan 
response with O.75 mg Zn produced exactly $0^ of the yield 
response obtained by the 7 » 5 mg rate. 
Dry matter response averaged 19.4# across all soils but 
ranged from less than zero to 47.4^. A significant soil by 
Zn interaction indicates a difference in response to Zn in 
different soils. Analyses of variance were calculated within 
soils in order to obtain some indication of the statistical 
significance of DM yield response for each soil. The P test 
for each soil is shown in Table 21. Observations of visual Zn 
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Table 21. Response of com plants to applied Zn based on 
ratings of F tests of dry matter yields and visual 
symptoms of Zn deficiency in greenhouse Experiment 1 
Soil . DM yield f F test— ^symptom*^^ Accumu^tive 
no. Value Rating®- ratingb rating® 
1 0.21 0 0 0 
2 2.08 0 0 0 
3 3.11 0 0 0 
4 1.08 0 0 0 
5 11.50 2 1 3 
6 7.72 2 0 2 
7 8.00 2 0 2 
8 66.40 3 1 4 
9 0.16 0 0 0 
10 5.24 1 0 1 
11 14.63 2 0 2 
12 1.48 0 0 0 
13 3.28 0 0 0 
14 4.40 1 1 2 
15 0.47 0 0 0 
16 4.16 0 0 0 
17 16.52 2 1 3 
18 0.05 0 0 0 
19 3.38 0 0 0 
20 60.36 3 0 3 
m/o ^t^ased on probability of a greater F as follows» 
F(2.2) Prob>F Rating 
4.32 TÎÔ" 1 
6.94 .05 2 
18.00 .01 3 
^Ratings of visual Zn deficiency symptoms were made as 
follows» 0 = no symptoms I 1 = mild symptoms j 2 = sevex-e 
symptoms. 
An accumulative rating of 3 or greater was considered 
indicative of a positive response to Zn and a rating of 1 or 2 
indicative of a marginal or possible response. 
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Table 21. (Continued) 
Soil 
no. 
OW yield. 
Value 
F test 
Rating^ 
Deficiency 
symptom 
rating" 
Accumulative 
rating^ 
21 
22 
23 
24 
27 
28 
29 
30 
2.67 
8.32 
7.50 
3.88 
11.07 
0.21 
0.20 
3.08 
6.07 
0.84 
0 
2 
2 
0 
2 
0 
0 
0 
1 
0 
0 
1 
1 
0 
1 
0 
0 
0 
0 
0 
0 
3 
3 
0 
3 
0 
0 
0 
1 
0 
deficiency symptoms were recorded during the growth of the 
corn as an additional indication of Zn availability. Results 
of these observations are also presented in this table. 
The two parameters, yield response and Zn deficiency 
symptoms, were used to classify the response for each soil. 
Numerical values of 1, 2, and 3 were assigned to F-test sig­
nificance levels of lOjS, 5?S, and IfS, respectively. Visual 
symptoms of Zn deficiency symptoms were rated as 0 = no Zn 
deficiency symptoms, 1 = mild symptoms and 2 = severe symptoms. 
A DM yield response was considered real if the sum of the 
numerical values assigned to the P test and the visual symp­
toms was 3 or greater. Seven of the 30 soils fell into this 
response category. An accumulative total of 1 or 2 was con­
sidered as a marginal response and six soils were found to be 
in this category. It was felt that the use of visual symptoms 
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as a parameter for classifying response was justified since 
deficiency symptoms are obviously indicative of low Zn avail­
ability. Consideration of visual symptoms reduced the effect 
of random error in DM yields. It is recognized that neither 
yield response nor symptoms of Zn deficiency obtained under 
greenhouse conditions is a definite indication that a response 
to Zn would occur in the field. 
The effect of Zn on DM yield was significant at the % 
level or greater on 10 of the 30 soils and significant at the 
10^ level on three additional soils. The effect of Zn was 
significant at the 5?^ level for five of the six subsoils 
(12 to 18" depth) and at the 10^ level for the remaining sub­
soil. Moreover, significant (5^ level) responses occurred in 
the Storden and the Ida soils which are essentially exposed 
subsoils. But only four of the 21 noneroded topsoils showed 
significant (10# level) DM yield responses and none of these 
showed Zn deficiency symptoms. The topsoils on which a re­
sponse occurred were a Webster (nearly calcareous), Harps, 
Marshall, and a Mahaska. A large Sn response in the Marshall 
soil (46#:) was somewhat unexpected since this soil exhibited 
none of the properties normally associated with low Zn avail­
ability. 
Experiment 1—^ concentration Application of Zn had 
a highly significant effect on the concentration of Zn in the 
corn plants (Table 22). Plant Zn averaged 24.4 ppm for the 
check, 28.2 ppm for the 0.75 mg Zn treatment and 44.2 ppm for 
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Table 22. Analysis of variance of Zn concentration in com 
plants grown in greenhouse Experiment 1& 
Source of Mean 
variation DP square F 
Blocks 2 66.5 3.63** 
Soils 29 248.1 13.56** 
Zinc 2 10042.8 548.81** 
Soils X Zinc 58 102.6 5.61** 
Error 178 18.3 
Total 269 
^cv = 13.2^. 
the 7»5 mg Zn rate. Plant-Zn concentrations ranged from 14.6 
to 37«5 ppra for the check treatment on the 30 soils, Plant-
Zn concentrations for the seven soils where Zn deficiency 
symptcîss were observed averaged 20.4 but ranged from 14.6 to 
27*7 PPîïi» The only plants that exhibited a white band be­
tween the midrib and leaf margin were those growing in the 
Moody subsoil (No. 25)* The mean concentration of Zn in these 
plants was 18.4 ppm. The Zn deficiency symptom noted for the 
other six soils was one of short intemodes resulting in 
stunting. All soils in which Zn deficiency symptoms were ob­
served were either subsoils or eroded topsoils. 
The effect of applied Zn on plant-Zn concentration varied 
from soil to soil as evidenced by a highly significant soil by 
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Zn interaction. The difference between the mean plant-Zn 
concentration for the check and the 7.5 nig Zn rates varied 
from as little as 27.7 vs 32.9 ppm in the Marshall soil (No. 
20) to as much as 28.6 vs 70.5 for the Canisteo subsoil (No. 
5). The highest Zn concentration usually occurred with the 
subsoils at the high rate of Zn. In these soils poor plant 
growth resulting from other soil characteristics may have 
resulted in an accumulation of Zn in the plants. 
Experiment 1—^ yield Zinc yield (DM yield x Zn 
concentration) was significantly affected by soils and rates 
of Zn (Table 23), Zinc yield at the zero Zn rate varied from 
42.0 to 413.3 pg/pot and averaged 157.3 pg/pot for the 30 
soils. Mean Zn yield was increased to 194.8 ^g/pot by O.75 mg 
of Zn and to 324.8 jig/pot by the 7*5 mg Zn rate. A significant 
soil X Zn interaction indicates that the effect of applied Zn 
on Zn yield differed among soils. Zinc yield response aver­
aged 53'30 but ranged from 22.2 to 80.4# for different soils. 
Experiment 2—DM yield Plant growth was generally 
much more vigorous in the second greenhouse study as shown by 
an average DM yield of com of 32.62 g/pot compared to 6.89 g 
in the first experiment. Overall, DM yields were relatively 
consistent in pots treated alike as indicated by a low co­
efficient of variation (GV) of 6.1# (Table 24). 
The effect of soil on DM yield was also highly significant 
in this experiment. Variation in plant growth for the check 
treatments on the different soils accounted for most of this 
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Table 23. Analysis of variance for Zn yield of corn plants 
grown in greenhouse Experiment 1®-
Source of Mean 
variation DP square F 
Blocks 2 27208 22.40** 
Soils 29 64982 53.50** 
Zinc 2 719070 592.06** 
Soils X zinc 58 3510 2.89** 
Error 178 1214 
Total 269 
= 15M» 
Table 24. Analysis of variance of dry matter yield of com 
plants grown in greenhouse Experiment 2& 
Source of 
variation DP 
Mean 
square P 
Blocks 2 216.48 54=90** 
Soils 36 484.03 122.12** 
Zinc 1 2967.09 752.12** 
Soils X zinc 36 83.75 21.23** 
Error 146 3.94 
Total 221 
®CV = 6.1%, 
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effect; however, some of the soil effect can be attributed 
to unequal plant growth among soils where Zn was applied. 
Dry matter yields in the Zn-treated pots ranged from 20.6 to 
60.8 mg for the 37 soils, but this variation was less than 
was experienced in Experiment 1. The CV for DM yield in pots 
receiving the 7*5 nig rate of Zn was 22?S in the second experi­
ment vs 2995 in the first study, indicating somewhat better 
control of factors other than Zn availability affecting plant 
growth. The incomplete elimination of Fe chlorosis with Pe 
chelates in some calcareous soils undoubtedly affected the 
growth of plants in the Zn-treated pots for some of these 
soils. 
Application of Zn increased the mean DM yield from 28.7 g 
in the check treatment to 36.6 g and produced a highly sig­
nificant Zn effect. A highly significant soil x Zn interac­
tion also indicates a different response to Zn for different 
soils; in fact, DM yield response ranged from 0 to BSfo. 
Analyses of variance were calculated for each soil in order 
to determine the statistical signifioguice of the response by 
soil. The P.tests for Zn effect obtained from these analyses 
of variance are presented in Table 25 along with ratings of 
visual Zn deficiency sj'mptomss 
The effect of Zn was significant at the 5% level or 
greater for 20 of the 37 soils and was significant at the lOfo 
level for three other soils. Visual Zn deficiency symptoms 
were observed on 12 soils and significant DM yield responses 
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Table 25. Response of corn plants to applied Zn based on 
rating of F tests of dry matter yields and visual 
symptoms of Zn deficiency in greenhouse Experi­
ment 2 
Soil 
no. 
. DT.! yield. 
Value 
P test 
Rating®" 
ueiiciency 
symptom 
ratingO 
Accumulative 
rating® 
1 6.55 0 0 0 
2 13.20 1 0 1 
3 53.90 2 0 2 
4 155.50 3 2 5 
5 85.70 2 1 3 
6 58.00 2 1 3 
7 21.07 2 0 2 
8 285.70 3 1 4 
9 239.60 3 1 4 
10 30,54 2 0 2 
11 6.05 0 0 0 
12 26.30 2 0 2 
13 61.50 2 0 2 
14 29.10 2 1 3 
15 <1.00 0 0 0 
16 9999.99 3 2 5 
17 27.47 2 0 2 
18 <1,00 0 0 0 
19 1.64 0 0 0 
20 269.40 3 2 5 
^Ratings of DM yield response were based on probability 
of a greater F as follows: F(2.4) Prob>F Rating 
-nô— 
18.51 .05 2 
98.50 .01 3 
^Ratings of visual Zn deficiency symptoms were made as 
followsI 0 - no symptoms5 1 = mild symptoms5 2 = severe 
symptoms. 
^An accumulative rating of 3 or greater is considered in­
dicative of a positive response to Zn and a rating of 1 or 2 
as indicative of a marginal or possible response. 
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Table 25. (Continued) 
Sou PM Yield, F Accumulative 
no. Value Rating^ rating^ rating® 
21 116.10 3 2 5 
22 1.00 0 0 0 
23 <1.00 0 0 0 
24 <1.00 0 0 0 
25 161.50 3 1 4 
26 <1.00 0 0 0 
27 3.70 0 0 0 
28 <1.00 0 0 0 
29 52.37 2 1 3 
30 2.76 0 0 0 
31 21.29 2 0 2 
32 8,71 1 0 1 
33 5.53 0 0 0 
34 3.10 0 0 0 
35 16.71 1 0 1 
36 98.00 2 0 2 
37 86.76 2 1 3 
were obtained for each of these. In total, positive Zn re­
sponses indicated by an accumulative rating of 3 or greater 
occurred in 12 soils and a marginal response rating of 1 or 2 
occurred in 11 soils. Based on past experience, a response to 
Zn on 23 of 37 soils is probably a higher response frequency 
than would be expected under field conditions. In a few soils 
the deficiency was so severe that plants died (see Figure 
6). Zinc deficiency is rarely severe enough to cause plants 
to die under field conditions which implies that soil Zn was 
probably more fully exploited under greenhouse conditions. 
Figure 6. Examples of com growth response to the application 
of 7*5 mg of Zn in Experiment 2, Plants growing 
on a Primghar soil in the top photograph showed a 
mild deficiency and a 31^ DM response to applied 
Zn; in the lower photograph on a Napier soil, 
plants were severely deficient and showed a DM 
response of 85?S 
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Experiment 2—^ concentration The variability in 
plant-Zn concentration within treatments in this study was 
disappointing. Despite a very low variation in DM yield 
among plants receiving the same treatment, Zn content was 
quite variable as illustrated by a CV of 24.8^ for Zn concen­
tration compared to 6.1J5 for DM yield. The CV for Zn con­
centration in the first e:iq)eriment was only 13.2JS. In some 
cases, rain leaking through the greenhouse roof onto plants 
may have been a source of Zn contamination. 
The application of Zn generally exhibited a highly sig­
nificant effect on the concentration of Zn in com plants 
(Table 26). The average plant-Zn concentration for the check 
treatment was 14.1 ppm compared to 25.9 ppm for the plants 
receiving Zn» Plant-Zn levels ranged from 8.3 to 20.6 for 
the check treatment. The Zn concentration for plants in which 
Zn deficiency symptoms were observed averaged 11.8 ppm but 
ranged from 8.3 to 16.1 ppm. Plants which exhibited severe 
symptoms contained an average of 11.2 ppm compared to a level 
of 12.1 in plants shovdng mild symptoms. 
Zinc deficiency symptoms ranged from severe stunting and 
eventual death of the plant to mild symptoms of a white band 
between the leaf midrib and margin on plants that were only 
slightly stunted. In the most severely Zn deficient soils, 
plants emerged and grew normally to about the second-leaf stage. 
After this stage intemodal elongation was essentially stopped 
and the leaves which developed were very close together, -
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Table 26. Analysis of variance of Zn concentration in corn 
plants grown in greenhouse Experiment 2^ 
Source of 
variation df 
Mean 
square 
Blocks 
Soils 
Zinc 
Soils X zinc 
Error 
Total 
2 
36 
1 
36 
146 
221 
90.7 
64.1 
7313.4 
38.8 
24.7 
2.83** 
2.60** 
295.94** 
1.57** 
= 24.8#. 
resulting in a very stocky, stunted plant. Examples of mild 
and severe Zn deficiency are illustrated in Figure 6; however, 
many plants exhibiting severe symptoms did not die as did the 
plants in the highly deficient Napier soil (No. 20), 
Experiment 2—Zn yield The Zn yield of plants treated 
alike exhibited considerable variability (CV = 25^» Table 27) 
largely as a result of the variability in plant-Zn content. 
Nevertheless, the effects of soil and Zn on Zn yield were 
highly significant and application of Zn increased the mean Zn 
yield from 425 Hg in check pots to 950 |ig for the 7.5 mg Zn 
rate. The interaction of soil and Zn effects was highly sig­
nificant although the F value was only I.92. Zinc yield 
response varied from 30.7 to 94# among soils. 
1# 
Table 2?. Analysis of variance of Zn yield of com plants 
grown in greenhouse Experiment 2^ 
Source of Mean 
variation DP square F 
Blocks 2 71592 2.47 
Soils 36 320810 11.08** 
Zinc 1 13775904 476.01** 
Soils X zinc 36 55550 1.92** 
Error 146 28942 
Total 221 
^cv = 25.00. 
Corn-leaf Zn levels at field-collection sites 
Chemical analyses of leaf samples of com growing at the 
field-collection sites of soils studied in Experiment 2 are 
shown in Table 28. Zinc content of the leaf samples ranged 
from 10.5 ppm in an Ida to 48.8 ppm in a Nicollet soil. Three 
samples contained less than 15 ppm Zn and 11 samples contained 
15-20 ppm. The only definite Zn deficiency symptoms observed 
were on the Napier-Ida site (Nos. 20 and 21) and on a Payette 
soil (No. 29) limed to pK 7.7. Mild intsrveinal chlorosis 
was observed at several sites but this symptom was not con­
sidered unique for Zn deficiency. 
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Table 28. Chemical analyses of leaf samples of corn plants 
growing at field-collection sites of soils used in 
greenhouse Experiment 2& 
Soil Zn N P K 
no. (ppm) (?S) ijfo) ifo) 
1 48.8 2.42 .25 1.50 
2 24.8 2.43 .24 1.20 
3 26.0 2.26 .30 1.85 
4 17.1 2.46 .23 1.40 
5 16.3 2.38 .26 1.85 
6 20.1 2.41 .26 0.75 
7 18.2 2.54 .20 1.45 
8 30.5 2.45 .22 1.50 
9 15.1 2.20 .24 1.55 
10 18.5 2.39 .25 2.10 
11 15.9 2.20 .21 1.50 
12 21.9 2.66 .23 1.75 
20.6 2.66 ,22 1.75 
14.4 2.10 .14 1.70 
15 23.1 2.53 .24 1.95 
16 23.4 2.01 .18 1.90 
17 21.0 2.73 .24 2.65 
18 28.9 2.53 .24 2.05 
19 - -
20 13.6 2.60 .29 1.80 
21 10.5 - - -
22 24.8 2.56 .26 1.90 
23 41.0 2.S9 .26 1.40 
24 26.2 2.38 .26 1.45 
25 25.7 2.57 .25 1.10 
26 28.6 2.72 .25 2.15 
27 27.5 3.10 .26 2.70 
28 33.5 2.95 .28 2.00 
29 16.5 2.58 .29 1.50 
30 22,9 2.86 .26 2.25 
31 15;1 2,66 .25 1.65 
32 17.S 2.36 .26 1.85 
17.7 2.56 .34 2.65 
30.3 2.70 .28 2.35 
35 25.5 2.73 .31 1.85 
36 32.4 2.73 .28 1.95 
16.0 2.37 .23 1.80 37 
^Leaf opposite and below the ear was sampled at the 
to 80fS silking stage. 
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Soil Zn levels as measured bv different soil-test methods 
Five soil-test methods were used to measure available Zn 
in soils employed in the greenhouse studies. The five methods 
involved extraction of soil Zn with 0,005M DTPA, 0.Û1M EDTA + 
IM (mj^)2C0^, O.IN HGl, 0.05N HCl + 0.025N HgSO^ and 2N MgClg. 
These methods are described in detail in the literature review 
and methods and procedures sections of this dissertation, and 
will be referred to simply as DTPA, EDTA, HCl, HCl-HgSO^^ (or 
double acid) and MgClg methods in much of the following dis­
cussion. The analyses obtained by the five methods on field-
moist (EVI) and air-dried (AD) soil samples are shown in 
Tables 29 and 30 for greenhouse Experiments 1 and 2, respec­
tively. 
The discussion of soil analyses will be confined prin­
cipally to the results from the air-dried samples, since 
field calibration of Zn soil tests has traditionally been 
performed on air-dried soils. The effect of drying on the 
levels of Zn extracted by most of these methods proved to be 
large, but evidence presented in later sections of this dis­
sertation indicate that this effect was largely on the level 
of Zn extracted and not on the ability of the method to relate 
to plant responsei 
Using calibration data available from other sources as a 
guide, the soils were classified into low, medium or high 
levels of Zn availability as measured by the DTPA, EDTA and 
HCl tests. These classifications are shown in Table 31» The 
Table 29. Levels of Zn extracted by five methods from field-moist and air-dried 
samples of 30 Iowa soils used in greenhouse Experiment 1 
HP PA EDTA HCl HCl-HgSO^ ^^^2 
Soil Soil AD M AD M AD FM AD M AD 
no. series — —— ppm Zn 
1 Edina 1.01 1.66 1.75 2.30 6.0 6.4 2.05 2.48 0.41 0.61 
2 Weller 0.60 1.02 1.24 1.85 6.9 6.9 1.26 1.85 0.51 2.90 
3 Canisteo 1.03 1.71 2.17 2.53 10.8 10.8 0.10 0.12 0.00 0.00 
4 Ganisteo 0.50 1.04 0.86 1.51 9.4 10,1 0.48 0.62 0.00 0.00 
5 Canisteo 0.15 0.67 0.23 0.82 4.5 5.7 0.07 0.08 0.00 0.00 
6 Webster 0.46 1.55 0.85 2.05 7.8 8.6 0.74 1.51 0.00 0.00 
7 Harps 0.95 1.85 a.14 2.70 7.4 7.9 0.05 0.05 0.00 0.00 
8 Storden 0.19 0.54 0.29 1.09 0,9 1,8 0.04 0.03 0.00 0.00 
9 Clarion 1.16 1.89 2.19 2.70 6.6 7.0 2.15 2.76 0.45 0.66 
10 Fayette 0.44 0.83 0.79 1.22 4.4 5.0 1.12 1.75 0.11 0.29 
11 Fayette* 0.17 0.26 0.28 0.34 5.4 6.1 0.69 1.00 0.09 0.75 
12 Gal va 1.17 1.60 2.12 2.77 9.0 9.3 1.75 2.18 0.52 0.86 
13 Primghar 0.54 0.90 1.04 1.48 8.1 8.7 1.00 1.26 0.05 0.30 
14 Primghar 0.15 0.42 0.15 0.52 7.8 8.2 0.59 0.75 0.03 0.24 
15 Clyde 1.50 2.03 2.30 3.33 8.3 8.6 2.39 3.17 0.65 1.35 
16 Kenyon 0.54 0.90 1.04 1.37 4.2 5.4 1.31 1.50 0.12 0.65 
17 Kenyon 0.24 0.39 0.34 0.50 2.3 3.0 0.48 0.75 0.13 0.19 
18 Luton 1.63 2.25 3.10 3.84 14.2 15.0 2.08 2.80 0.30 0.48 
19 Haynie 0.92 1.60 2.12 2.75 10.5 10.4 0.89 1.00 0.00 0.00 
20 Marshall 0.80 1.32 1.46 2.10 5.5 6.4 1.54 2.09 0.13 0.44 
^Samples taken from the 12-18 inch depth. 
Table 29. (Continuecl) 
Joil 
10.  
Soil 
series 
DTPA EDTA HCl HCl-H28O4 MgClg 
m AD PM AO M AD PM AD PM AD 
21 Monona 0O58 1.41 1.21 2.20 6.0 6.8 1.33 2.18 0.19 0.76 
22 Ida 0.36 0.60 0.82 1.36 3.4 4.8 0.06 0.08 0.00 0.00 
23 Ida^ 0,15 0.48 0.27 0.67 3.9 4.6 0.08 0.06 0.00 0.00 
24 Moody 0.47 0.80 0.78 1.33 5.3 6.6 0.94 1.35 0.10 0.36 
25 Moody 0.18 0.30 0.17 0.92 6.9 7.7 0.62 1.18 0.02 0.38 
26 Tama 2.83 3.82 4.64 5.40 10.7 11.7 5.48 6.03 0.22 0.59 
27 Sharpsbujfg 2.95 4.18 5.67 9.22 11.2 12.6 4.15 6.50 1.52 3.75 
28 Dickinson 1.31 1.89 2.24 2. 60 6.0 6.0 2.90 3.29 0.29 0.43 
29 Mahaska 1.60 2.33 2.95 4.46 10.3 9.8 2.33 3.46 0.95 1.98 
30 Primghar 0.88 1.48 1.54 2..21 6.6 6.6 1.42 1.80 0.38 0.78 
Table 30, Levcjls of Zn extracted by five methods from field-moist and air-dried 
samples of 37 Iowa soils used in greenhouse Experiment 2 
DTPA EDQ?A HCl HCl-HgSOj|^ MgClg 
Soil Soil m AD PM AD FM AD PM AD PM AD 
no. series — — ppm Zn-
1 Nicollet 1.18 1.80 1.86 2.15 5.9 6.6 2.02 2.11 0.45 1.00 
2 Webster 1.02 2.03 1.65 2.32 9.6 11.4 0.85 1.16 0.11 0.24 
3 Canisteo 1.34 2.30 2.48 2.80 9.7 11.4 1.03 1.38 0.00 0.00 
4 Harps 0.62 1.12 1.52 1.52 0.3 0.6 0.20 0.09 0.00 0.00 
5 Harps 0.50 0.90 1.15 1.22 6.0 9.4 0.12 0.12 0.00 0.00 
6 Canisteo 0.84 1.87 1.60 2.75 7.2 10.4 0.14 0.08 0.00 0.00 
7 Kagener 0.75 1.45 1.35 1.57 4.7 5.6 2.10 2.12 0.09 0.29 
8 Canisteo 0.55 0.92 1.20 1.28 3.1 4.6 0.12 0.07 0.00 0.00 
9 Webster 0.50 0.82 1.05 1.22 7.4 8.9 1.02 1.14 0.00 0.02 
10 Clarion 0.70 1.20 1.28 I..75 5.4 7.0 1.78 2.20 0.08 0.18 
11 Marcus 0.88 1.55 1.53 2,00 8.6 10.2 1.20 1.16 0.17 0.32 
12 Sac 0.51 1.10 0.98 1. 72 5.3 7.6 1.25 1.11 0.25 0.48 
Ip Galva 0.67 1.17 1.20 1.96 4.9 6.6 1.30 1.88 0.12 0.26 
14 Primghar 0.78 1.30 1.42 2.15 7.5 10.0 0.16 0.14 0.00 0.00 
15 Moody 0.82 1.62 1.55 2.25 5.2 6.8 1.49 1.89 0.36 0.80 
16 Ida 0.24 0.60 0.66 0.88 2.8 4.4 0.12 0.08 0.00 0.00 
17 Monona 0.86 1.66 1.66 2.08 5.2 6.8 1.88 2.08 0.32 0.51 
18 Marshall. O..95 1.38 1.70 1.90 6.4 8.2 1.98 1.79 0.39 0.55 
19 Marshall I..53 2.65 2.82 3.21 6.0 7.6 2.58 2.76 0.66 0.93 
20 Napier 0«22 0.39 0.55 0.60 4.5 5.8 0.60 0.69 0.00 0.00 
Table 30. (Continued) 
DTPA EDTA HCl HCl-HgSO^ MgCl, 
Soil Soil EM AD M A;D PM AD PM AD FM AD 
no. series — —-—-— ppm iln- « 
21 Ida 0.16 0.31 0.40 0.96 1.8 3.1 0.08 0.06 0.00 0.00 
22 Nicollet 0.60 1.36 1.22 2.18 3.8 5.5 1.47 1.70 0.38 1.14 
23 Otley 2.10 3.55 3.28 4.30 8.2 10.4 3.35 3.80 0.65 0.96 
24 Edina 0.91 1.50 1.53 1.88 4.5 6,0 2.15 2.10 0.24 0.31 
25 Dickinson 0.$4 0.96 1.02 1.46 2.6 4,1 1.66 1.50 0.12 0.25 
26 Hagener 1.85 2.75 3.02 3.97 5.5 6.8 3.80 3.95 0.84 1.39 
27 Downs 1.20 1.74 1.92 2.10 5.2 6.0 2.44 2.32 0.42 0.57 
28 Fayette 0.50 0.78 0.96 1.00 5.1 6.4 1.69 1.52 0.23 0.35 
29 Fayette 0.52 1.05 1.17 1.38 5.0 6.3 1.92 2.00 0.00 0.00 
30 Kenyon 1.14 1.90 1.99 2.10 3.9 5.6 2.48 3.00 0.48 0.66 
31 Clyde 1.60 2.60 ,2.70 3.00 9.1 10.0 1.25 1.40 0.00 0.00 
32 Floyd 1.49 2.44 2.70 3.05 7.2 8.6 2.22 2.50 0.00 0.00 
33 Dickinson 0.65 1.00 0.96 1.30 1.8 3.0 1.24 1.48 0.38 0.57 
34 Dinsdale 2.43 3.50 3.49 3.84 7.8 8.4 4.23 4.20 0.50 0.75 
35 Muscatine 2.30 3.70 3.96 4.. 70 10.7 13.2 1.76 2.00 0.00 0.00 
36 Fayette 0.73 1.62 1.32 2.34 6.7 7.2 1.89 2.65 0.12 0.23 
37 Webster 0.59 0.84 1.01 1.00 7.8 8.4 1.00 1.15 0.00 0.32 
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Table 31. Number of topsoils used in the greenhouse studies 
showing low, medium or high levels of available Zn 
as determined by the DTPA, EDTA and HCl methods 
Soil test 
category 
Zn"* 
(ppm) 
Number of soils per category 
Exp. 1 Exp. 2 Combined 
(24- soils) (37 soils) (6l soils) 
DTPA 
Low 
Medium 
High 
<*5 
.5-1.0 
>1.0 
0 
6 
18 
2 
8 
27 
2 
14 
45 
EDTA 
Low 
Medium 
High 
<1.3 
1.3-2.0 
>2.0  
2 
6 
16 
10 
10 
17 
12 
16 
33 
HCl 
Low 
Medium 
High 
V 
22 
if 
1 
32 
6 
1 
54 
"rest categories for the DxFA and EDTA methods as estab­
lished by the Department of Agronomy, Colorado State Univer­
sity. Test categories for the O.IN HCl method are based on 
concentrations of Zn and cations in the extractant as estab­
lished by the Soil Testing Laboratory, University of Nebraska. 
Low, medium and high are sometimes referred to as deficient, 
marginal and adequate, respectively. 
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writer is unaware of any calibration work of the HCl-HgSOj^ or 
MgClg tests which establishes similar availability categories 
for these methods. Such an evaluation of soil Zn levels is of 
interest in terms of estimating the percentage of soils in the 
state that might have less than adequate Zn availability. 
However, since the selection of soils was biased toward 
certain soil characteristics such as high pH, this projection 
should be viewed in light of this bias. Nevertheless, a 
general picture of the levels of Zn in certain Iowa soils can 
be described. 
DTPA-Zn The level of DTPA-extractable Zn ranged from 
0.26 ppm in a Payette subsoil to 4.18 ppm in a Sharpsburg, but 
averaged 1.51 ppm for all soils. Only two of the 6l topsoils 
tested were classified as low (contained <.5 ppm Zn) and both 
of these were taken from a field in western Iowa where Zn de­
ficiency symptoms had been observed on growing com plants. 
Fourteen additional soils contained marginal (0.5-1.0 ppm) 
levels of Zn. In total, this test classified slightly over 
one-fourth of the topsoils as containing less than high 
levels of available Zn. All of the subsoils were in the de­
ficient range with the highest Zn test in these six soils 
showing only 0.24 ppm» 
EDTA-Zn Extractable Zn ranged from 0.34 ppm in a 
Fayette subsoil to 9.22 ppm in a Sharpsburg. The mean level 
of Zn extracted from all soils by EDTA was 2.18 ppm. Based on 
the Colorado calibration, 12 of the 61 topsoils tested low and 
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16 others medium in Zn for a total of 28 soils (46^1) testing 
less than high in available Zn. As with DTPA all subsoils 
tested low in EDTA-Zn (.3^-.92 ppm). 
HGl-Zn Zinc extracted by 0.1 N HCl ranged from 1.8 
ppm in a Storden to I5.O ppm in a Luton soil. The mean Zn 
concentration for all 67 soils was 7.^ ppm but was only 5»9 
ppm in the subsoil samples. Most calibrations of the HCl 
method do not establish fixed critical levels of Zn but adjust 
the levels based on titratable alkalinity or some other measure 
of cation content or alkalinity. Using a method based on Zn 
level and the level of cations in the extract as developed by 
the University of Nebraska Soil Testing Service (see Figure 
4 in the section on methods and procedures), six topsoils 
tested low in Zn and one tested medium. This procedure places 
approximately 11?S of the topsoils in a low or marginal cate­
gory of Zn availability. Two of the six subsoils also tested 
low in Zn. 
HCl-H2S0/j.-Zn The range of Zn extracted by this method 
was from 0,03 PP® in a Storden to 6.50 ppm in a Sharpsburg, 
The overall mean level of Zn extracted by the test was 1.72 ppm 
but was only 0.64 ppm for the subsoil samples. 
MgGl2-Zn Zinc extracted in 2N MgCl? ranged from zero 
ppm in 21 samples to 3»75 i?i the Sharpsburg soil and averaged 
0.44 ppm for all soils. All of the soils in which no Zn was 
detected in the extract showed pH values > 7.0. 
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Table 32. Analyses of variance of soil Zn levels extracted 
by five methods from field-moist and air-dried 
samples of soils used in both greenhouse studies 
Source of 
variation DP 
Mean 
squares F 
Experiments 1 6.6389 43.59** 
Soils 66 10.6009 3508.82** 
Extractants 4 853.3380 253.85** 
Drying 1 61.7365 10.50** 
Soils X extractants 264 2.5546 28.59** 
Soils X drying 66 0.4638 27,30** 
Extractants x drying 4 6.9542 1.91 
Error 264 0.2432 
Relationships among soil-test methods 
In spite of the differences in levels of Zn extracted by 
the five methods, a high correlation existed among methods as 
shown in the correlation matrix of simple correlation coeffi­
cients presented in Table 33» Zinc extracted by the various 
methods was significantly correlated (1^ level) in all cases 
except between HCl and MgClg. These methods extracted the 
highest and lowest levels of Zn- respectively. The highest 
correlation existed between the two chelate extractants, DTPA 
and EDTA (r = .920) as compared to the correlation between the 
two dilute acid extractants (HCl and HCl-HgSO^p) of only O.356. 
A plot of Zn extracted by EDTA and DTPA is shown in Figure 7. 
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Table 33• Simple correlation coefficients relating Zn ex­
tracted by five soil-test methods from soils em­
ployed in both greenhouse studies^ 
Method DTPA EDTA HCl HCl-HgSO^ MgClg 
DTPA 1.000 
EDTA .920 1.000 
HCl .617 .620 1.000 
HCl-HgSO^ .763 .781 .356 1.000 
MgClg .497 .563 .203 .728 1.000 
^Probability of a greater ! r!.; r 
.202 
.241 
.314 
Prob of >lr l .  
.10 
.05 
.01 
The relationship between the two methods is essentially linear 
especially at values near the critical levels for the two ex-
tractants. The quadratic effect is significant largely be­
cause the highest Zn value for both methods does not appear to 
be linear with the rest of the points. 
Effect of soil properties on plant response to applied Zn and 
on corn-leaf Zn at field sites 
The effect of soil properties on the response of corn to 
2n applied in the greenhouse studies will be evaluated largely 
on the basis of statistical correlations with plant-response 
parameters. Simple correlation coefficients showing the 
relationships of pH, buffer pH, organic C, ^  CaCOg, % clay and 
soil P to plant response are presented in Table 34. Partial 
Figure ?. The relationship between the level of Zn extracted 
by EDTA and DTPA from air-dried samples of soils 
used in greenhouse Experiments 1 and 2 
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Table 34. Selected simple correlation coefficients relating 
plant indices of Zn availability and soil proper­
ties in the greenhouse experiments^ 
DM Zn Zn DM Zn 
yield conc. yield yield yield Leaf 
of of of re­ re­ Zn . 
Variable check check check sponse sponse conc. 
Experiment 1 
pH -.516 -.138 -.461 .312 .370 -
Buffer pH -.455 -.094 -.391 .275 .360 -
Organic C .257 .068 .174 -.359 -.450 -
CaCO*) 
-.576 -.127 -.482 .431 -.424 -
Clay*^ .123 -. 248 -.044 -.245 -. 056 -
Avail. P .320 .242 .328 -.415 -.550 -
Avail. Pe .598 .218 .555 -.486 -.588 -
Experiment 2 
PH 
Buffer pH 
Organic C 
CaCOo 
Clay-^ 
Avail. F 
Avail. Pe 
.892 
.842 
.250 
•.668 
.113 
.591 
.765 
.566 
.052 
.334 
,092 
.364 
,527 
-.834 
-.823 
-.247 
-. 568 
-.077 
.5^0 
,742 
,744 
,704 
•z 
.078 
.565 
.772 
.641 
.612 
.033 
.602 
.018 
-.586 
-.691 
-.393 
-.370 
-.170 
-.280 
.006 
.256 
.412 
^Probability of a greater (r(: 
Expi. 1' Expt. & 
.301 .270 .10 
.349 .325 .05 
.449 .418 .01 
b 
Concentration of Zn in leaf opposite and below the ear 
of com grown in the field at soil collection sites. 
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and multiple correlations and values relating plant re­
sponse and selected combinations of soil properties are given 
in Table 35» Soil properties showing significant (10# level) 
partial correlations were evaluated for curvilinear and inter­
action effects and the b values and significance levels ob­
tained from the regression equations are shown in Table 36, 
Buffer pH and soil P were not included in the multiple correla­
tions or regressions. The multiple regressions presented in 
Table 36 and in later tables do not include all possible terms 
as some of the least meaningful effects were omitted to avoid 
masking possible significance of other effects. 
Seven plant indices of Zn availability are presented in 
Table 34, but DM yield response and Zn yield response were 
chosen as the most indicative of Zn availability on the basis 
of later correlations with Zn soil test methods. Zinc yield 
response was used as the index of response of com to Zn in 
Experiment 1, but DM yield response was employed as the plant 
index in the second study since it showed higher correlations 
with most soil properties and Zn soil tests than did. Zn yield 
response. Dry matter yield response also showed the highest 
correlation with leaf Zn at field sites (r = -.528). Refer­
ence to yield response in the following discussion will imply 
Zn yield response in Experiment 1 and E®I yield response in 
Experiment 2 unless specified otherwise. 
2 Table 35» Simple partial and multiple correlation coefficients and R values 
relilting yield response of corn grown in the greenhouse with selected 
soil properties 
Soil 
properties 
Simple 
r 
Partial 
r 
Multiple _2 Soil 
R properties 
Simple 
r 
Multiple 
R R^ 
Experiment 1 
(Zn yield response) 
pH 
Organic C 
CaC0«3 
Clay-' 
.370* 
-.450* 
.424* 
-.05(5 
,190 
-.456* 
,100 
.224 
.597* .357 pH 
Organic C 
Experiment 2 
(DM yield response) 
.360 
-.455 
.559** .312 
pH 
Organic C 
CaCOo 
Clay^ 
.y#** 
.059 
.680** 
-.078 
.735** 
-.369* 
.445** 
-.211 
.875** .765 pH 
Organic C 
CaCO^ 
.722** 
-.475** 
.443** 
.869** .754 
^Correlation set employing only soil properties that exhibit significant (lOfo 
level) partial, correlation coefiricients. 
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2 Table 36. Regression coefficients and R values relating Zn 
yield response in Experiment 1 and DM yield response 
in Experiment 2 with selected soil properties 
Variable Coefficient Variable Coefficient 
Experiment 1 Experiment 2 
7.4887 bo 5.5165 
PH -.00754 pH -1.87887** 
Organic C -.32075+ (PK)2 .16025 
pH X org. C .03989 Organic C .35117** 
.365 
CaCOg 
pH X org. C 
pH X CaOOj 
Org. C X CaCOg 
.17904 
-.05377** 
-.02161** 
.0052 
R^ .844 
Soil pH There was a high degree of intercorrelation 
between soil and buffer pK (r ~ *9^7) «nd soil pK and ^  GaGO^ 
(r = .666) which rendered multiple correlation analysis in­
cluding all three terms impractical. Soil pH and buffer pH 
were both highly related to yield response and either could 
have been used as a measure of soil reaction, but soil pH was 
chosen for most of the following discussion since it exhibits 
a wider range in values and is a more standard measurement. 
Soil pH and ^  CaCO^ were both included in initial multiple 
correlations, but if neither variable was significant, these 
correlations were calculated with pH and CaCO^ separately. 
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In many cases pH or CaCO^ showed a significant correlation and 
the one with the highest r value was retained in the multiple 
correlation analysis. 
Correlation of soil pH with yield response gave a sig­
nificant r value of 0.370 in the first study and showed an 
even higher r value of 0,744 in the second experiment. In 
the second experiment the linear effect of pH explained over 
55^ of the variation in Zn response. Plots of yield response 
vs pH shown in Figure 8 reveal that the negative effect of pH 
on Zn availability was pronounced only in alkaline soils where 
yield responses were highest. For example, there was an 
apparent effect of pH on yield response in both experiments at 
pH values over 7«0 while there was little evidence of any 
effect below this pH. In general, yield responses were much 
smaller on acid soils. The major exception to this statement 
was the high Zn yield response obtained on four acid subsoils 
(nos. 11, 14, 17 and 25) in Experiment 1. These four soils 
are largely responsible for the lower correlation between pH 
and yield response in the first experiment. Aside from these 
four points in the upper left-hand portion of the giraph, yield 
response in Experiment 1 shows a positive relationship with 
pH more in agreement with that observed in Experiment 2, 
The negative effect of soil pH on Zn availability was 
further demonstrated on leaf Zn in corn growing at field col­
lection sites of soils employed in Experiment 2. Leaf Zn 
showed significant negative r values of -0.393 and -0.370 
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with soil pH and buffer pH, respectively. 
Calcium carbonate Calcium carbonate showed much the 
same relationship with yield response as pH even though free 
lime was not present in the majority of the soils. In total, 
KM yield responses occurred on 14 of the 17 calcareous (>1^ 
CaCO^) soils used in the two greenhouse studies (see Tables 
21 and 25). In comparison, 22 or 88?^ of the 25 alkaline 
(pH >7.0) soils showed DM yield responses vs responses on 
only 14 (33»3^) of 42 acid soils. 
Corn-leaf Zn was not significantly correlated with CaCO^ 
content. However, the mean leaf Zn content for calcareous 
sites was 19•! ppm compared to a mean level of 24.0 ppm at non 
calcareous sites. 
Organic Ç Organic C generally exerted a positive 
effect on Zn availability but the effect was manifested most 
strongly when organic C levels were very low and/or the soil 
was calcareous. The correlation between organic 0 and yield 
response to Zn was much different in the two experiments, 
largely because there were no subsoils with very low organic 
matter levels in Experiment 2, In the first experiment 
organic C showed a significant simple r value of -0.450 with 
Zn yield response but the correlation with zn response in the 
second experiment was nearly zero. The r value between 
organic C and Zn response was highly significant in both 
studies, however, when pH and CaCO^ were held constant. The 
main reason for the improved partial correlations between 
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organic C and yield response is the interacting effects of pH 
anchor CaCO^ with organic C. A graphical illustration of this 
interaction can be seen in Figure 9 where yield response is 
plotted against organic C and the points corresponding to 
calcareous and noncalcareous soils are delineated. In both 
experiments a definite trend for decreased response to Zn with 
increasing soil organic C levels is apparent in the calcare­
ous soils. Simple correlation of organic C and response de­
termined in calcareous and noncalcareous soils separately 
verify this trend. Simple correlation coefficients within the 
former soils were -0.552 and -0.758 in the two studies as com­
pared to -0.576 and 0.045 in the noncalcareous soils. Lower 
Zn availability at higher pH values apparently permitted the 
positive effect of organic matter to be manifested. In the 
first experiment a significant correlation of organic C and 
Zn yield response occurred in the noncalcareous soils due 
largely to high yield responses on four acid subsoils where 
organic matter levels ranged from 0.7I to 2.82^. The low 
orgssiic matter levels in these soils probably contributed to 
Zn deficiency even though the soils were not calcareous. 
Overall, the average organic matter level of 36 soils 
on which a marginal or positive m yield response occurred 
was 3.26# vs 4,47# on soils where no response occurred. How­
ever, the meem organic matter content of noncalcareous soils 
on which response occurred was only 2.58# as compared to 4.279$ 
in calcareous soils, further indicating a lower soil organic 
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matter level was required for Zn deficiency if the soil was 
not calcareous. 
Organic C did not show a significant correlation with 
leaf Zn at the Experiment 2 field sites. 
Clay Clay content was not found to be an important 
factor affecting Zn response or leaf Zn at field sites. This 
observation agrees with the work of Martens (1968) who found 
no relationship between clay content and Zn uptake by corn 
from several Wisconsin soils. 
Effect of soil Droperties on levels of soil-teat Zn 
Direct relationships between Zn extracted by five soil-
test methods and soil properties were measured by simple linear 
correlation coefficients shown in Table 37. The effects of 
pH, organic C, CaCO^ and clay were further evaluated by 
partial and multiple correlation coefficients (Table 38) which 
measured the relationship of Zn with individual properties 
while levels of the other properties were held constant. The 
soil properties that showed significant (10# level) partial 
correlation coefficients were also evaluated for curvilinear 
and interaction effects on soil En. The b values and signifi­
cance levels obtained from these regression equations are 
shown in Table 39« 
The effect of soil P on soil Zn was evaluated in terms of 
simple correlation coefficients only. Soil P showed positive 
correlations ranging from 0.28? with MgCl2 to 0.551 with DTPA 
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Table 37* Simple correlation coefficients relating Zn ex­
tracted by five soil-test methods and selected soil 
properties of soils employed in both greenhouse 
experiments^ 
Soil property 
Buffer Organic Avail. 
pH pH c CaCOg Clay P 
DTPA-Zn -.243 -.258 .400 -.320 .105 .551 
EDTA-Zn -.274 -.293 .298 -.259 .119 .478 
Hcl-Zn -.059 -.107 .514 -.437 .471 .391 
HCl-HgSO^-Zn -.571 -.521 — . 081 -.549 -.123 .543 
MgClg-Zn -.655 -.671 -.127 -.360 -.038 .287 
pH 1.000 .947 .128 . 666 .094 -.324 
Buffer pH 1.000 .014 .617 
CM i 
-.219 
Organic C 1.000 -.066 .455 .091 
CaCO^ 1.000 .020 = .428 
Clay 1.000 
-.055 
Avail. P 1.000 
^Probability of a greater I rl i r Prob of > (rl 
.202 ,10 
.241 .05 
.314 .01 
extractabls Zn. This positive relationship was largely due to 
the fact that the availability of P and Zn was decreased or 
increased by many of the same soil properties. 
Chelate extractants Organic C was the soil property 
showing the strongest relationship with Zn extracted by DTPA 
Table 38. Simple» partial and multiple correlation coefficients and R values relat­
ing Boil-Zn extracted by five extractants with selected properties of soi 
soils used in both greenhouse experiments 
Soil 
property 
Simple 
r 
Partial 
r 
Multiple 
R R' 
Soil 
property' 
Partial Multiple 
R R' 
PH 
Org. C 
CaCOo 
Clay^ 
pH 
Org. C 
CaCOo 
Clay-' 
pH 
Org. C 
CaCOo 
ClayJ 
pH 
Org. C 
CaCOo 
Clay-' 
. 243* 
.400** 
.320«* 
.105 
. 274** 
.300** 
.260* 
.119 
. 060 
.514** 
.438** 
.471** 
. 571** 
.081 
.550** 
.123 
•.152 
,414** 
.148 
.008 
.224+ 
.307* 
.000 
.000 
.292* 
.352** 
'555** 
.396** 
.322** 
.000 
.281* 
.008 
nPPA-Zn 
.519** .269 Org. C 
pH 
EDTA-Zn 
.435** .189 Org. G 
pH 
HCl-Zn 
.743** .552 
HCl-HgSO^-Zn 
.620** .384 pH 
CaCO. 
.448** 
.324** 
.349** 
.332** 
.329** 
.276* 
.498 ** .248 
.434 *« 
.6l4** 
.188 
.377 
^Correlation set employing only soil properties that exhibit significant (10# 
level) partial coefficients. 
Table 38. (Continued) 
Soil Simple Partial Multiple o Soil Partial Multiple % 
property r r R R property r R R 
MgClg-Zn 
pH -.665** -.599** .678** .458 pH -.665** .432** .442 
Org -.127 -.005 
CaCOo -.360** .138 
ClayJ -.038 .006 
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2 
Table 39» Regression coefficients and R values relating the 
level of Zn extracted by five soil-test methods 
with selected properties of soils used in both 
greenhouse experiments 
Variables Coefficients Variables Coefficients 
DTPA EDTA 
bg 1.7678 bg 2.4446 
Organic C -.1490 Organic C -.1824 
pH .9030 pH 1.5941 
pH X org. C -.0816 pH x org. C -.1676 
R^ .256 R^ .202 
HCl HCl-HgSO^ 
"0 
pH 
Organic C 
CaCO 
Clay 
pH X CaCO^ 
Org. C X CaCO. 
R 2 
-2.9738 
.7420* 
.9978** 
5.5464+ 
.1265** 
-.6898+ 
.1688** 
.631 
"0 
pH 
CaCO^ 
(CaCOj)^ 
pH X CaCO^ 
r2 
4.3532 
-.3362 
-.8469 
.0129+ 
.0655 
.413 
MgClr 
"0 
pH 
(pH)2 
R' 
15.0759 
-3.8252** 
.24272** 
.509 
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and EDTA. Significant r values of 0,400 and 0.298 were found 
between organic C and DTPA and EDTA Zn, respectively. A 
higher correlation of 0.794 was found between organic C and 
DTPA-extractable Zn in the previous field survey of CNW soils, 
but the higher correlation in that study was probably due to 
a wider range in organic matter (0.9I to 32.93^) provided by 
several Storden and muck soils. Certain organic fractions were 
soluble in both chelate extractants as evidenced by yellow-
brown coloration of the extracts that intensified as the 
organic matter level of the soil sample increased. The 
coloration was more intense in the EDTA extract which is 
buffered at a highly alkaline pH of 8.6. 
Soil pH was also significantly correlated with Zn ex­
tracted by DTPA and EDTA, showing negative r values of -0.243 
and -0.274, respectively. Both of these extractants are 
highly buffered to resist pH changes (DTPA at pH 7.3 and EDTA 
at 8.6), thus the negative effect of soil pH on the level of 
Zn extracted should not be the result of an increase in 
extractant pH. 
The mean Zn level extracted from calcareous soils by DTPA 
was 1.08 ppm as compared to 1.68 ppm from noncalcareous 
ssuiiples. Similarly, EDTA extracted less Zn from calcareous 
soils than from soils containing less than 1$ free lime (1.62 
vs. 2.39 ppm). Calcium carbonate showed significant simple r 
values of -0.320 and -0.260 with Zn extracted by DTPA and EDTA, 
respectively. However, partial r values indicate that the 
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effect of CaCOg was not important after the pH effect was 
removed. Unbuffered EDTA is known to dissolve carbonates in 
calcareous soils, but buffering the solution at pH 8.6 with 
(^2^^)200^ inhibits dissolution of free carbonates (Trier-
weiler and Lindsay, I969). 
Soil pH and organic C explained only 24.8# and 18.8# of 
the variation in DTPA and EDTA Zn, respectively, indicating 
that the level of Zn extracted by these methods was also in­
fluenced by other factors. Clay content, however, was not one 
of these factors, as it showed no significant correlations 
with Zn extracted by either method. 
Dilute acid extractants Considerable differences were 
observed in effects of soil properties on Zn extracted by 
these two methods. All four properties showed significant 
partial coefficients with HCl Zn but only pH and CaCO^ were 
related to Zn extracted by the double acid. As was expected, 
pH and GaCO^ were the most important factors influenciris Zn 
extracted by both dilute acids. Calcium carbonate content was 
particularly important since 12,5# free CaCO^ will completely 
neutralize the acid in the HCl extractant and only 1.5# is re­
quired to neutralize the double acid. Three soils contained 
more than 12.5# free CaCO,. In these soil» HCl extracted only 
0.6, 1.8 and 4.8 ppm Zn compared to a mean level of 7.0 ppm 
from all calcareous soils and 7*6 from noncalcareous soils. 
An additional deficiency of the HCl method in calcareous 
soils is that it dissolves Zn that may be occluded in carbon­
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ates, a form not considered readily available to plants. If 
the three soils in which the O.IN HCl was completely neu­
tralized are ignored, HCl actually extracted more Zn (7.9 ppm) 
from calcareous than noncalcareous soils. Sorenson et al. 
(1971) found similar results in that the HCl extractable Zn in­
creased with pH at low levels of titratable alkalinity but de­
creased at high levels. These authors postulated that soils 
containing lime were less weathered than noncalcarous or 
slightly calcareous soils and thus might contain more easily 
extractable Zn. Dissolution of CaCO^ by the acid and conse­
quent release of co-precipitated Zn was also offered as an 
explanation of higher Zn levels in calcareous soils in that 
study. 
Neutralization by free lime was more of a factor with the 
0.075N HCl-HgSOjij, extractant than for O.IN HCl. The level of 
Zn extracted from calcareous soils averaged only 0.39 ppm 
compared to 2,24 ppm from noncalcareous soils. All but one 
soil containing more than the 1.5?^ CaCO^ level required for 
acid neutralization contained low levels of 0.03 to 0.14 ppm 
Zn. One ppm Zn was extracted from a Haynie silt loam but this 
soil contained less than 20^ clay and only 1% organic matter 
which may have allowed the weak acid to extract more Zn from 
the soil. 
Organic C appeared to be an important factor influencing 
the fraction of Zn dissolved by O.IN HCl as it was with the 
chelates but it showed no relationship with HCl-HgSO^ Zn. Clay 
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content also showed a significant, positive correlation with 
HCl Zn, This was the only indication of a relationship be­
tween clay content and a plant or soil index of Zn availability 
found in these studies. 
In general, soil properties explain much more of the 
variation in Zn levels extracted by the dilute acids than by 
the chelate extractants. Significant linear terms explain 
55.2 and 37.7^ of the variation in Zn extracted by HCl and 
HCl-HgSOji^, respectively, approximately twice the variation 
explained from DTPÂ and EDÎA. Including quadratic and linear 
interaction effects increased these percentages to 80^ for 
HCl and 60^ with HCl-HgSO^. 
MgClg extractant The only soil properties showing a 
relationship with Zn extracted by MgClp were pH and CaCOg and 
the latter property was not significant after the effect of 
pH was removed. The simple correlation between Zn and pH was 
-0.655» the highest for any method, and linear plus quadratic 
pH terms explained over 50% of the variation in Zn. The 
negative effect of pK on the level of Zn extracted by this 
method is exemplified by the fact that measurable levels of Zn 
were detected in only three of 25 alkaline soils. 
In a previous study. Martens (I968) found 2N IvIgCl, Zn to 
be highly correlated with Zn uptake by plants from 14 Virginia 
soils, but he found no significant effect of pH on extractable 
Zn. However, the highest pH of any soil in this study was 6.4. 
Hodgson et al. (I966) found very low Zn concentrations 
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in soil solutions from calcareous soils (<2 ppb). However, 
2N MgClg extracts water-soluble plus exchangeable forms of Zn 
and was expected to remove at least measurable quantities of 
Zn from these soils. 
Evaluation of Zn soil-test methods as they relate to plant 
response in the greenhouse 
One of the primary objectives of the greenhouse and 
laboratory studies was to evaluate five soil-test methods as 
they related to plant indices of Zn availability in a wide 
range of Iowa soils. Evaluation of the Zn soil-test methods 
was based primarily on* (1) statistical correlations and 
regressions relating plant response indices of Zn availability 
with soil-test Zn, and (2) the ability of the soil test method 
to separate deficient and nondeficient soils. Statistical 
correlations and regression equations generally measured 
accurately the relationship between soil-test Zn and yield 
response, but in some instances these statistics were mis­
leading. One of the problems in the correlation procedure 
was that the yield response parameters (DM yield response or 
Zn yield response) tended to produce nonlinear curves since 
response values were restricted to an upper boundary of 100?? 
and a theoretical minimum of 0%. In order to fit these yield 
response curves to soil Zn levels it was necessary to employ 
mathematical procedures which accounted for the nonlinear 
relationship. Three mathematical procedures relating yield 
response and soil Zn were evaluated. The first procedure was 
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to regress response on linear plus quadratic effects of soil 
Zn, the second was to regress yield response on the logarithm 
of soil Zn and the third procedure was to regress yield 
response on the reciprocal of soil Zn. All three procedures 
generally produced higher correlations than simple linear 
correlation, but the reciprocal method was the least effec­
tive and will not be presented. 
Correlation coefficients relating yield response to 
linear, linear plus quadratic and log values for soil Zn are 
shown in Table 40. The quadratic approach for achieving non-
linearity generally produced slightly higher correlations than 
the log transformation and will be used as the basis for most 
of the following discussions, although the log method occa­
sionally produced a better fit. When the quadratic effect was 
nonsignificant, the linear correlation is presented. 
An evaluation of soil-test methods is influenced not only 
by the mathematical procedure selected to describe the rela­
tionship with the plant index of Zn availability but also by 
the selection of the plant index itself. Table 40 shows the 
correlation of soil-test methods with DM yield, Zn concentra­
tion and Zn yield of the check and with DM yield response and 
Zn yield response= Selection of the plant index and the 
mathematical procedure used to measure the relationship make 
it possible to designate any one of three or four methods as 
the one showing the highest correlation with Zn availability. 
For example, if Zn yield of the check were used as the plant 
Table 40. Correlation coefficients relating plant indices 
of Zn availability in greenhouse soils with Zn 
extracted by five soil-test methods" 
Experiment 1 
Check 
Soil-test 
method® 
DM 
yield 
Zn 
conc. 
Zn 
yield 
Yield response 
DM Zn 
DTPA (1) .413 .623 « 566 -.612 
-.674 
-.684 
— • 836 
. -.886 
-.891 
EDTA (1) 
!i3! 
.343 .608 .507 -.522 
-. 646 
-. 664 
-.779 
-.879 
-.890 
HOI Q) 
k:ii .415 .275 .395 -, 5^6 -,5488 -.509 = .654 -.6586 -.658 
.505 .438 .616 —. 601 
-.651 
- « 6o4 
-.765. 
-.782® 
-.641 
[iL 
(log) 
.313 .460 .437 -.324 
-.395 
-. 237 -.548 
All coefficients are simple linear correlations (r) ex­
cept for soil test (1+q) which are multiple correlations (R) 
calculated by regression of plant response parameters on 
linear plus quadratic effects of soil-test Zn. 
Probability of a greater !rj or (Rj e 
Experiment 1 Experiment 2 
r R r R 
1331 7^ TStïï 
.403 
.488 
.361 
.463 
.439 
.530 « -rxw 
Prob 
,10 
.05 
.01 
^Abbreviations in parentheses arei (1) = linear, (1+q) = 
linear quadratic and (log) = logarithm. 
^Leaf Zn in com grown at field collection sites of soils 
used in the second greenhouse experiment. 
®Quadratic effect is nonsignificant. 
182 
Experiment 2 
Check 
DM 
yield 
Zn 
conc. 
Zn 
yield 
Yield 
DM 
response 
Zn 
leaf 
ZnO 
.472 .396 .488 -.629 
-.787 
-.781 
-.627 
-.775 
-.743 
.446 
,425 .354 .441 -•598 
-•756 
-.701 
-.575 
-.696 
-.661 
.412 
.074 .046 .031 -.361 
-.4166 
-.371 
-.233 
-.361 
-.301 
.108 
.772 .520 .756 -.719 
-.773 
-•770 
-.756 
— * 801 
-.763 
.524 
.814 .548 .830 - « 656 
-.719 
-.693 
-.586 
-.607 
-.560 
.586 
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index of Zn availability, MgCl2 would be selected as the 
best soil test in the second experiment. This method gave an 
r value of 0,830 which was considerably higher than the r value 
obtained for any other method. This r value overestimates the 
method's utility, however, since the extractant gave zero Zn 
values for all calcareous soils. Thus, correlation coeffi­
cients in themselves did not always accurately represent the 
true value of the method for predicting Zn availability. Zinc 
yield response and IM yield response were selected as the plant 
response parameters for reasons presented in earlier discus­
sions. 
An alternative to statistical correlations for evaluating 
the strength of the relationship between soil-test Zn and 
plant response to applied Zn is to measure the ability of the 
test method to separate deficient and nondeficient soils. A 
"best" separation of deficient and nondeficient soils can be 
made by selecting a critical level of Zn which places a maxi­
mum number of nondeficient soils above and a maximum number of 
deficient soils below it. Brown et ai. (I97I) calculated such 
a critical or "predictive value" as a measure of a soil test's 
ability to separate deficient and nondeficient soils. They 
calculated the predictive value by adding the number of soils 
containing less than an arbitrary soil-test level on which a 
plant response occurred to the number of soils containing more 
than this level where a plant response did not occur and ex­
pressing the sum as a percentage of the total soils. The 
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soil-test level selected is the one that produces the maximum 
percentage value for the method. The predictive values ob­
tained for each method are compared and are used to select 
the method which best predicts and separates deficient and 
nondeficient soils. Determination of predictive values in the 
present study was based on the response rating described 
earlier. In order to avoid the intermediate category of 
"marginal" soils, a response rating of one will be considered 
as indicating a nondeficient soil and a rating of two as in­
dicating a deficient soil. 
Graphic illustrations of the relationship between yield 
response and soil Zn can be seen in Figures 10, 12, 14, 16 and 
18. Soils are identified on the graphs as calcareous or non-
calcareous since the performance of soil tests on high pH 
soils is of special interest. Correlations of yield response 
and soil Zn within these two groups of soils were also calcu­
lated and are presented in Table 41. 
Yield response was related to soil-test Zn plus pH and 
other soil properties through multiple correlation and regres­
sion analyses shown in Tables 42 through 45. Multiple corre­
lations of yield response with soil Zn plus pH, CaCO^, organic 
C and clay shown in Tables 42 and 43 were calculated to de­
termine the properties that exhibited significant partial 
linear relationships with yield response where the level of 
Zn was held constant. Tables 44 and 45 show multiple regres­
sion equations including quadratic and selected linear inter-
Table 41. Correlation coefficients relating yield response of com to levels of Zn 
extracted from calcareous and noncalcareous soils used in the green­
house experiments^ 
Experiment 1 Experiment 2 
Soil-test Noncal- Noncal-
methods All soils careous Calcareous All soils careous Calcareous 
DTPA -.886*^* -.914»* -.823** -.787** -.416* -.899** 
EDTA -.889** 
-.917** -.756** -.465* -.845** 
HGl 
-.653** -.625»^* -.824** -.361* -.110 -.695** 
HCl-HgSOij, -.765** -. 874^^* -.484 
-.772** 1
 *
 
1 d
 
0
 
MgClg -.538^^* 
Os 1 .000 -.719** -.687** -.146 
a o 
Underlined coefficients are R values calculated from R values relating yield 
response to linear plus quadratic effects of extractable Zn. All other values are 
linear r coefficients. 
2 Table 42. Simple, partial and multiple correlation coefficients and R values re­
lating Zn yield response of com grown in the greenhouse to the level 
of Zn extracted by five soil-test methods and to selected soil proper­
ties , Experiment 1 
Variable 
Simple 
r 
Partial 
r 
Multiple 
R R: Variable^ 
Partial 
r 
Multiple 
R R^ 
pH 
Organic 
CaCOo 
ClayJ 
C 
.370* 
-.450* 
.424* 
-.056 
.190 
-.456* 
.100 
.224 
.597** «357 pH 
Or^nic C 
.360* 
-.454** 
.559** .312 
DTPA-Zn 
PH 
Organic 
CaCOo 
Clay^ 
C 
-.836** 
.370* 
.450* 
.424* 
-. 056 
-.781** 
.100 
-.184 
.161 
.013 
.865** .749 DTPA-Zn 
CaCOj 
-.806** 
.325* 
.860 .739 
EDTA-Zn 
pH 
Organic 
CaCOn 
ClayJ 
C 
-.779** 
. 370* 
-.450* 
. 1|'24* 
-.,056* 
-.733** 
.000 
-.297 
.265 
.195 
.838** .703 EDTA-Zn 
CaCOj 
.773** 
.404* 
.819** .671 
HCl-Zn 
pH 
Organic 
CaCO <3 
Clay-' 
C 
-„653** 
.370* 
-.450* 
.424* 
-. 056 
-.643** 
.377+ 
-.397* 
-.200 
. 468* 
,790** .624 HCl-Zn 
pH 
Organic C 
Clay 
-.629** 
.345+ 
-.367+ 
.440* 
.779** .607 
^Correlation set employing only soil properties that exhibit significant (10^ 
level) partial correlation coefficients. 
Table 42. (Continued) 
Variable 
Simple 
r 
Partial 
r 
Multiple 
R R^ Variable^ 
Partial 
r 
Multiple 5 
R R^ 
HCl-HpSOA-
Zn ^  
pH 
Organic C 
CaCOo 
ClayJ 
-.76.)** 
.370* 
-.450* 
.424* 
-.056 
-.671** 
—. 090 
-.509** 
.000 
.134 
,846** .716 
HCl-HpSOb-
Zn 
Organic C 
-.793** 
-.536** 
.839** .705 
MgClp—Zn 
pH 
Organic G 
CaCOo 
Clay^ 
-.538** 
. 370* 
-,450* 
.424* 
-.056 
-.484** 
-.176 
-.438* 
.355 
.232 
.715* .511 MgClg-Zn 
Organic C 
-.545** 
-.459** 
.662** .439 
Table 43. 2 Simple, partial and multiple correlation coefficients and R values relat 
in^; DM yield response of corn grown in the greenhouse to the level of Zn 
extracted by five soiil-test methods and to selected soil properties, 
Ex])eriment 2 
Variable 
Simple Partial 
r 
Multiple 
R Variable^ 
Partial 
r 
Multiple 5 
R 
pH 
Organic C 
CaCO^ 
.744** 
-.059 
.680** 
.735** 
-.369* 
.445** 
.875** •765 pH 
Organic C 
CaCO^ 
.722** 
-.475** 
.443** 
.869** , .754 
^Correlation set employing only soil properties that exhibit significant (10# 
level) partial correlation coefficients. 
Table 43» (Continued) 
Simple Partial Multiple 
Variable r r R R' Variable' 
Partial Multiple 
r R 
Clay 
DTPA-Zn 
pH 
Organic C 
CaCO-
Clay-' 
EDTA-Zn 
pH 
Organic C 
CaCOo 
Clay' 
HCl-Zn 
PH 
Organic G 
CaCOo 
Clay-' 
HCl-H„SOi, 
pH ^ 
Organic C 
CaCOo 
Clay-^ 
MgÇlp—An 
pH 
Organic C 
CaCOo 
Clay 
-. 078 
-.629** 
. 7W.** 
-.'059 
.680** 
-. 078 
-.598** 
. 744*» 
-.059 
.680** 
-.078 
-.361* 
. 7#** 
-.059 
.680** 
-.078 
-.719** 
. 7#** 
-.059 
.680** 
-. 078 
-.656** 
. 7#** 
-.059 
.,680** 
-.,078 
-.211 
-.632** 
.788** 
-.059 
.367* 
-.325* 
-.601** 
.785** 
-.110 
.378* 
-.245* 
-.247+ 
.743** 
-.173 
.13^ 
—. 090 
-.592** 
.736** 
-.506** 
.217 
-.300** 
-.405** 
.439** 
-.468** 
.482** 
-.221 
.927** .859 DTPA-Zn 
pH 
CaCOo 
Clay' 
-.681** 
.776** 
.372* 
-.358* 
.926** 
.927** "859 EDTA-Zn 
pH 
CaCOo 
Clay' 
-.680** 
.780** 
.926** 
.882** .779 HCl-Zn 
pH -.III 
.880** 
.921** .848 HCl-HgSO^ 
Organic C 
Clay 
-.673** 
.780** 
-.515** 
-.316** 
.916** 
.896** .804 MgOlp-Zn 
pH 
Organic C 
CaCO^ 
-.403** 
.522** 
-.565** 
-.479** 
.892** 
.857 
.840 
.794 
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Table 44, Regression coefficients expressing selected linear, 
quadratic and interaction effects of soil Zn and 
soil properties on Zn yield response of com in 
greenhouse Experiment 1 
Variable Coefficient Variable Coefficient 
DTPA EDTA 
*0 .83062 bo .79455 
Zn -.31531** Zn -.16781** 
(Zn)2 .04295** (Zn)^ .01190** 
CaCO^ .00403 CaCO^ .00945 
(CaCO^)£ -.00042 (CaCO^)^ -.0004 
Zn X CaCO^ .01136 Zn X CaCO^ .00332 
R2 00
 
.825 
HCl HCl-Hgl SO4 
^0 1.4280 bo .7795 
Zn -.14622» Zn -.0924* 
PH -.10018 Organic C -.0593** 
Organic C -.22349* Zn. X org. C .0089 
(Organic C)^ .02902+ 
.708 
Clay .01073^* 
Zn X pH .01576* 
Zn X org. C .00335 
.718 
MgClg 
to 
Zn 
Organic C 
(Organic G)^ 
Zn X org. C 
. 520 
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Table 4^. Regression coefficients expressing selected linear, 
quadratic and interaction effects of soil Zn and 
soil properties on DM yield responses of corn in 
greenhouse Experiment 2 
Variable Coefficient Variable Coefficient 
DTPA 
, 
(Zn)2 
?PH)^ 
CaC03 
Clay 
Zn X pH 
2.26518 
-.24-557** 
.07015** 
-.64902 
.05999* 
.00606? 
-.003084+ 
-.03151+ 
EDTA 
zg , 
(Zn)^ 
?PH)2 
CaCO o 
Clay-^ 
Zn X pH 
2.4227 
-.24784** 
, 04-305** 
-.6921+ 
.063036+ 
.00731 
-.00195 
-.01079 
R' .921 R' .916 
HCl 
Zn 
IpH)^ 
Zn X pH 
r2 
4.5493 
.1020 
-1.5721** 
.1381** 
-.0174+ 
.840 
MgCl, 
Zn r. 
(2n)^ 
pH p 
(pH)2 
Organic C 
Zn X pH 
pK X org. C 
13.9638 
-4.1838* 
.48104+ 
-4.0648** 
.1021** 
.3131* 
. 5269* 
-.0495** 
.878 
HCl-HgSO^ 
(Zn)^ 
PH 
Organic C 
Clay 
Zn X pH 
0.4400 
-.0598 
.00120 
-.7411 
-.0415** 
-.0040+ 
-.0045 
RAT 
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action effects of the variables showing significant partial 
linear coefficients with yield response. 
The practical utility of relating yield response to soil-
test Zn plus one or more soil properties is that these 
properties can be used to improve the soil test as an indica­
tor of Zn availability. The soil property which is most 
practical as a laboratory test to complement the Zn soil test 
is pH since it is a rapid and simple procedure. The effect of 
pH on the relationship between soil-test Zn and yield response 
will be evaluated by regressing yield response on soil-test 
Zn and pH (Table 46) and by graphing soil-test Zn vs. pH 
(Figures 11, 13, 15, 17, and 19) to provide a method of esti­
mating the critical level of Zn at different pH levels. 
DTPA The level of DTPA-extractable Zn was highly re­
lated to DM yield response of corn to applied Zn. The mean 
DTPA-Zn level in soils on which a positive yield response was 
observed was 0.76 ppra compared to. I.07 ppm in soils where a 
marginal response was found and I.85 ppm where no significant 
yield response was shown. Yield response of corn was more 
highly correlated with the level of Zn extracted by DTPA than 
with any of the other methods tested, although correlations 
with IDTA Zn were only slightly lower. Correlation coeffi­
cients between yield response and DTPA Zn were -0.886 and 
-0.787 resulting in R values of O.78O and 0,619 in Experiments 
1 and 2, respectively. The correlation between DTPA Zn and the 
leaf Zn content of corn grown at the field collection sites of 
Table 46. Regression coefficients, R and predictive values relating yield response 
of co:m in the greenliiouse to the combined effects of soil Zn and pH^  
Soil test method 
Variable DTPA EDÎI'A HCl HCl-HgSO^ MgClg 
Experiment 1 (Zn yield response) 
Zn 
(Zn)2 
Zn X pH 
4.0605 
".4379* 
--..9287** 
.,0655** 
.0373+ 
3.3203 
-0I589** 
0 0105** 
-«7598** 
0 0564** 
.4868 
-.03489** 
.0494+ 
. 7048 
-.1190** 
7.3944 
-.5438** 
.0889** 
-1.8165** 
.1211** 
R^ .,871 , 851 .497 .586 .577 
Extjcî riment 2 (DM yield resioonse) 
a (Zn)2 
?PH)^  
Zn X pH 
22.0345 
.-.,0314 
,0596** 
-„6820 
« 0671* 
0550* 
2.59O8 
-.0026 
.0400** 
-.8378* 
.0792** 
-.04:25* 
4.25I8 
-.0261** 
-1.3588** 
.1150** 
5.4786 
-.04858+ 
-1.7033** 
.1366** 
-6.0901 
-1.0744** 
.1748** 
.910 .914 .823 .782 .758 
Predictive value for Experiments 1 and 2 combined (5S)^ 
Zn 
Zn + pH U 85 
64 
80 U 
84 
84 
'^The values for the effect of pH alone are .380 and .758 in Experiments 1 
and 2, respectively. 
'^Definition of predictive value ceui be found on page 183 . 
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soils used in Experiment 2 was .0446. 
Multiple correlation analyses showed certain soil proper­
ties accounted for significant variation in yield response be­
yond that explained by DTPA Zn (Table 42). In Experiment 2, 
pH, CaGO^ and clay showed significant partial correlations with 
yield response after the effect of DTPA Zn was removed but in 
Experiment 1, only the effect of CaCO^ was significant. In the 
second experiment, DTPA Zn, pH, CaCO^ and clay explained 85.7?^ 
of the variation in yield response, while in Experiment 1, 
DTPA Zn and pH explained 73.9JS, less than was explained by the 
linear plus quadratic effects of DTPA Zn alone. Multiple 
correlations were positive for pH and CaCO^ but negative for 
clay. The signs of these multiple r values were consistent 
with those shown for simple r values with yield response. 
Graphs of yield response vs. DTPA Zn are presented in 
Figure 10, Yield response decreased rapidly as DTPA Zn level 
increased at low levels, but as Zn approaehed a level of 
adequacy, yield response was small as soil Zn increased through 
a higher range. In general, yield response at a given level 
of DTPA Zn was higher if the soil was calcareous, indicating 
that the critical level of Zn may be higher in high-pH soils. 
The negative effect of increasing soil pK or OaGO^ on the re­
lationship between yield response and DTPA Zn is illustrated by 
the fact that seven of nine points representing calcareous 
soils lie above the regression line for Experiment 1 while 
nine of ten of these soils lie above the line for Experiment 2. 
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Figure 10. Yield response of com to Zn as related to DTPA-
Zn level of soils used in greenhouse Experiment 1 
and Experiment 2 
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Correlations of yield response and DTPA Zn were determined 
within calcareous and noncalcareous soils in order to minimize 
the effect of pH and to evaluate the performance of the soil 
test within these two groups of soils. Correlation coeffi­
cients of -0.823 and -0,899 were obtained within the calcare­
ous soils indicating an excellent relationship between yield 
response and DTPA Zn under high pH conditions. Soil test Zn 
was also highly correlated with yield response in noncalcare­
ous soils in the first experiment (R = -.914), but in the 
second study a lack of high yield responses in these soils re­
sulted in a much lower correlation (r = -.416). 
The effect of pH on the relationship between yield re­
sponse and DTPA Zn can be shown mathematically through regres­
sion equations relating yield response to soil Zn and pH. The 
coefficients for these equations, presented in Table 46, show 
that when the effects of soil pH are considered in conjunction 
O 
with DTPA Zn, R*' values are increased to 0.071 and 0,910 in 
the two experiments as compared to values of 0.780 and 0.619 
with DTPA Zn alone, A significant Zn x pH interaction in both 
experiments also reflects the higher yield response in the 
high pH or calcareous soils. 
The effect of pH on the level of DTPA Zn at which yield 
response occurred can be observed in Figure 11 where DTPA Zn is 
plotted against pH. 
Soils in which yield response occurred are designated. 
Most of the soils in which a significant yield response to Zn 
4.00 
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pS 2.00. 
1.50 
l.OOJ 
0.50 
jSL 
• = nonresponsive 
<S) = responsive 
S) 
JSL 
% 
• 
• 
(S> 
% 
9) 
<s> 
sT 
Figure 11. 
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DTPA-Zn vs« soil pH with lines estimating soil test values that best 
separate deficient and nondeficient soils used in the greenhouse. Hori­
zontal line is based solely on soil-test Zn and the sloping line is based 
on soil-test Zn adjusted for soil pH 
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was observed fall in the lower right-hand half of the graph, 
indicating that a given level of DTPA Zn becomes less avail­
able with increasing pH. A graph of this type could be used 
to adjust the critical value of Zn for pH for making Zn fer­
tilizer recommendations if response to Zn was measured under 
field conditions. The establishment of a line representing the 
soil pH and DTPA-Zn levels below which a response is expected 
would be based on the best separation of deficient and non-
deficient soils. The placement of this line is somewhat 
arbitrary and subject to human bias but an attempt will be 
made to make this separation to show the feasibility and value 
of this approach. The lines were drawn straight to reduce the 
effect of human bias but the lines would logically level off 
somewhat with higher soil test values as was done with HCl-Zn 
and sum of cations in Figure 4, 
A critical value of I.30 ppm DTPA Zn provides a maximum 
predictive value of 75fô and places 50 of the 67 soils in the 
correct category. Significant DM yield response occurred on 
IJfo of the soils containing less than 1,30 ppm DTPA Zn but 
on only Zhio of the soils containing higher levels. The 
critical value of I.30 ppm suggested here is well above the 
critical levels found with field research in Colorado. The 
higher level can be interpreted to indicate a different level 
required for Iowa soils or to result from a magnified yield 
response to Zn under greenhouse conditions. 
There were nine soils containing more than 1,30 ppm Zn on 
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which a response rating of two or hgher was obtained. Of 
these, four had disturbingly high Zn tests (>1.85 ppm). The 
high DTPA Zn levels in these apparently Zn deficient soils 
can be related rather consistently to high pH and high organic 
matter levels. For example, the pH of the four soils contain­
ing more than 1.85 ppm Zn and showing a response ranged from 
7.1 to 8.0 while the organic matter levels ranged from 7.6? 
to 9.98#. In addition, there were four soils on which the DM 
yield response was significant at the lOfo level of probability. 
These soils all had organic matter levels over 1$ and, with one 
exception, pH values over 7.0. The implication of the above 
observations is that in some soils pH expressed more of a de­
pressive effect on Zn availability to the plant than on the 
level of DTPA Zn. High levels of organic matter, on the 
other hand, increased the level of DTPA Zn more than the 
availability of Zn to plants. 
Basically, DM yield response occurred on most Mgh pK 
soils, even on those containing high organic matter levels. 
Apparently, DTPA extracted a portion of the Zn pool related to 
the organic fraction that was not readily available to plants 
at high pH levels. This phenomenon suggests that a higher 
critical level of DTPA Zn may exist in high pK-high organic 
matter soils such as the Canisteo and Harps series. The DTPA 
method was developed and tested in Colorado for soils that 
are generally alkaline and low in organic matter. In Iowa, 
soil pH ranges from less than 5*5 to over 8.0 and soil organic 
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matter ranges from the low levels found in Colorado soils to 
over lOfo, Based on the influence of pH and organic matter 
on DTPA Zn and its relationship with plant response, it may 
be necessary to consider these soil properties in the estab­
lishment of critical levels of DTPA Zn for Iowa soils. 
EDTA Quantities of Zn extracted by EDTA were con­
siderably higher than those extracted by DTPA, but relation­
ships between soil Zn and plant response were very similar 
with the two chelate methods. The level of Zn extracted by 
EDTA averaged 2.70 ppm in soils where positive DM yield re­
sponses occurred and decreased to 2.27 ppm with marginal re­
sponses and to 1.00 ppm in soils where response was nonsig­
nificant. Zinc extracted by EDTA showed correlation coeffi­
cients of -0.879 and -0.756 (R^ = .772 and .572) with yield 
response in Experiments 1 and 2, respectively. Multiple linear 
correlation of yield response with EDTA Zn and other soil 
/s 
properties provided values of O.67I in Experiment 1 and 
2 0.857 in Experiment 2. Calcium carbonate increased these R 
values significantly in both studies while pH and clay were 
also significant in Experiment 2, There was a significant r 
value of 0.413 between EDTA Zn and leaf Zn at the field sites 
from which soils were oolleoted in greenhouse Experiment 2. 
Graphs of yield response vs. EDTA Zn shown in Figure 12 
are very similar to those presented earlier for DTPA. Yield 
response was generally higher at a given EDTA Zn level in 
calcareous soils as illustrated by the fact that 18 of I9 
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points representing calcareous soils fall on or above the 
regression lines in the two studies. Zinc extracted by this 
method correlated well with yield response in calcareous 
soils as shown by correlation coefficients of -0.917 and 
-0.8^5 obtained within these soils in Experiments 1 and 2, 
respectively. Correlations with yield response in noncalcare-
ous soils were -0.889 (Experiment 1) and -0.^65 (Experiment 2). 
The poor correlation in Experiment 2 can be attributed largely 
to the narrow range in yield response in the noncalcareaus 
soils. 
Including the effects of pH in the regression increased 
the percentage of yield response variation explained by EDTA 
Zn alone from 77.2^ to 85.1# in Experiment 1 and from 57.2 to 
91.^^ in Experiment 2. The effect of pH on the relationship 
between EDTA Zn and yield response can be observed in the 
graph of EDTA Zn vs. pH presented in Figure 13. There is a 
visible tendency for response to occur more frequently as pH 
increases. A constant critical value of 1.8 produces a pre­
dictive value of 73#, but increasing the critical value with 
increasing pH increases this value to approximately 85#. A 
response was obtained on 72# of the soils containing less than 
1,8 ppm Zn but on only 265? of the soils testing higher than 
this level. The critical level suggested in Colorado is I.3 
ppm. There were 10 soils containing more than 1.8 ppm on 
which a response rating of two or greater was obtained and 
four additional soils on which the DM response was significant 
9.0 
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Figure 13. EOTA-Zn vs. soil pH with lines estimating soil test values that best 
separate deficient and nondeficient soils used in the greenhouse. 
Horizontal line is based solely on soil-test Zn and the sloping line is 
based on soil-test Zn adjusted for soil pH 
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at the 10^ level of probability (response rating of one). 
As with the DTPA method, most of the response on high test­
ing soils occurred at high pH and high organic matter levels. 
There were four soils in particular with very high EDTA Zn 
levels (>2.7 ppm) on which a response occurred. These were 
the same four soils which showed high DTPA Zn tests (>1.8 ppm), 
high pH (>7.0) and high organic matter levels (>7*50)' 
The effects of organic matter and pH level on EDTA Zn 
appear to be very similar to the effects observed on DTPA Zn. 
While the effect of these soil properties on the level of 
extractable Zn is of less importance within the range of pH 
and organic matter found in the majority of Iowa soils, it is 
possible that soils with very high organic matter and pH 
levels may require different critical levels to accurately 
predict Zn deficiency. 
HCl The average level of Zn extracted by HCl de­
creased from 7«9 ppm in soils showing no significant yield 
response to 6.1 ppm in soils on which a positive Zn response 
was obtained. However, the average HCl-Zn content where a 
marginal response occurred was 7.9 ppm, the same level found 
in soils where no Zn response occurred. 
The correlations between yield response and HOI Zn were 
considerably poorer than those obtained with the chelate ex-
tractants as shown by correlations of -0.653 and -O.36I ob­
tained in the two studies (Figure 14) and the correlation with 
leaf Zn in the field was not significant. Nevertheless, the 
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method proved fairly satisfactory as a predictor of yield re­
sponse when the effect of pH or CaCO^ was considered. The 
performance of the method was good in calcareous soils even 
though the method is reported to have shortcomings when free 
lime is present. Correlation coefficients with yield response 
were -0.824 and -O.695 within calcareous soils in Experiments 
1 and 2, respectively. One soil (no. 4) in the second experi­
ment was largely responsible for the lower correlation in this 
study. This Harps soil contained 18?S CaCO^ which neutralized 
the HCl and resulted in a very low level of extractable Zn 
(06 ppm). Omitting this soil would improve the correlation, 
but the weakness of the O.IN HCl method in soils containing 
high levels of free lime is exemplified. Within noncalcareous 
soils the correlation of HCl Zn with yield response in the 
first study was disappointing (r = -.625) since there was an 
adequate range in response within these soils. The r value in 
the second study was only -0.110 but the lack of yield re­
sponse on these soils failed to provide an opportunity for 
meaningful correlations. 
Multiple linear correlation of yield response with HCl 
2 Zn and soil properties improved the R value compared to that 
obtained with HCl alone from 0,426 to G,60? in Experiment 1 
and from O.I23 to 0.775 in Experiment 2. The only soil 
property to show a significant partial correlation in Experi­
ment 2 was pH. In the first experiment organic C and clay 
were also significant. 
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The usefulness of the HCl method for measuring Zn avail­
ability has frequently been improved by employing pH, 
titratable alkalinity or the sum of cations in the extract 
to adjust the critical level of Zn (Nelson et al., 1959; 
Sorenson et al., 1971). In the present studies, regression 
equations employing HGl Zn and pH explained more variation 
in yield response (55 and 83#) than did HCl Zn plus CaCO^ 
(53 and 74#) or HCl Zn plus the sum of cations (50 and 67#). 
Soil pH is more easily determined in the laboratory than CaCO^ 
or the sum of cations in the HCl extract and thus is well 
suited to use in combination with HCl Zn to predict Zn avail­
ability. However, use of any of these three measurements sub­
stantially increased the percentage of yield response variation 
explained compared to that explained by HCl-Zn alone. 
The critical level of HCl-Zn increased with increasing pH 
as shown by the graph of HCl Zn vs. soil pH in Figure I5. 
Separating the soils at a constant critical level of 5*7 pro­
vides a predictive value of only 64# with response occurring 
on 63# of the soils containing less than this level and on 38# 
of the soils testing higher. Below a soil test of 5*0 PP® 
response was very consistent as only one soil (Dickinson 
fine sandy loam) containing less than 5»0 ppm Zn failed to 
show a response. At levels above 5*0 ppm Zn, however, response 
was unpredictable unless pH was considered. Increasing the 
critical value with increasing pH improved the predictive value 
to 80#. 
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Figure 15» tCl-Zn vs. soil pH with lines estimating soil test values that best 
separate deficient and nondeficient soils used in the greenhouse. 
Horizontal line is based solely on soil-test Zn and the sloping line is 
based on soil-test Zn adjusted for soil pH 
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As with the two chelate extractants many of the soils 
testing high in HCl Zn but showing a yield response were high 
in organic matter. For example, there were five soils that 
contained more than 9 ppm HCl Zn on which a yield response 
was observed and the organic matter level of these soils 
ranged from 5.35 to 9.98#. Thus, soil organic matter and pH 
appear to influence the effectiveness of the HCl test as an 
indicator of Zn availability much as they influenced the 
chelate extractants. 
HGl-HgSO^ In general, the level of Zn extracted by 
this weak acid mixture showed a good relationship with yield 
response. For example, the mean Zn test in soils rated as 
showing no yield response was 2.41 ppm, nearly 50^ greater 
than the 1,65 ppm mean level in soils showing a marginal re­
sponse and 2.7 times the mean level of 0.65 ppni where a 
positive response was found. Correlations with yield response 
were -0,765 and -0.773 in the two studies and combinations of 
HCl-HgSO^ Zn and significant soil properties in multiple 
correlation with yield response produced multiple linear 
correlation coefficients of 0.839 and O.9I6. Soil organic 
matter showed significant negative partial correlations in 
both studies while pH and Oaço. also showed significant posi­
tive partial coefficients in Experiment 2. The correlation 
between HCl-HgSO^ Zn and leaf Zn in the field was 0.524. 
Although this extractant showed definite relationships 
with plant response to Zn, it exhibited shortcomings in 
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calcareous soils where the acid was neutralized by free 
CaCO^. The neutralization of the extractant acid by CaCO^ 
resulted in very low soil Zn test levels, but did not reduce 
the overall correlation between yield response and HCl-HgSO^ 
Zn as drastically as might be expected. The graphs of yield 
response vs. HCl-H^SO^ presented in Figure 16 show that while 
there was a wide range in yield response in these low testing 
calcareous soils, the yield response was generally higher than 
in the higher testing soils. Thus many of the points repre­
senting calcareous soils did not cause large deviations from 
the regression line even though correlation coefficients be­
tween yield response and HCl-H^SO^^ Zn were only -0.484 and 
-0.430 within these calcareous soils in the two experiments. 
Most of the soils containing sufficient lime to neutralize 
the acid (>1.5^ CaCO^) showed Zn tests ranging from essen­
tially zero to 0.15 ppm. In these soils there was no rela­
tionship between HGl-HgSO^, Zn and yield response. However, 
f i v e  o r  s i x  c a l c a r e o u s  s o i l s  c o n t a i n i n g  l e s s  t h a n  1 , C a C O ^  
showed measurable amounts of extractabie Zn and the Sn con­
tent generally related better with yield response. 
In the noncalcareous soils the method performed more 
satisfaotorily. An excellent correlation of -0:8?4 was ob­
tained with yield response in the first study but a narrow 
range in yield response limited the correlation to -0.452 in 
the second study. 
Soil pH plus HCl-Ii^SOj[j,-Zn explained 65?S and 78,2# of the 
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variation in yield response in Experiments 1 and 2, respec­
tively. However, pH and Zn extracted by this method did not 
complement each other well in multiple regressions relating 
to yield response because of a high correlation with each 
other (r = -.571)' In Experiment 1, HCl-HgSO^ Zn alone ex­
plained 58.5^ of the yield response variation and in Experi­
ment 2 pH alone explained 75*80. Thus, little additional 
information was gained from considering the effects of both 
variables together in multiple regression. In contrast, the 
predictive value obtained with HCl-H2S0ij, Zn was improved sub­
stantially by considering the effect of pH (Figure 17). A 
soil test value of 1.25 ppm Zn provided a predictive value of 
75^ with 77^ of the soils containing less than I.25 ppm Zn 
showing a response and 27^ of the soils containing higher 
levels exhibiting no response. Adjusting the critical soil 
test level upward with increasing pH increased the predictive 
value to 84^. These predictive values are as high as those 
obtsdned with the chelate extractants even though the HCl-
method suffered the limitation of showing very low soil 
tests in most calcareous soils. Under the greenhouse condi­
tions of these experiments 1^ of 17 calcareous soils showed 
significant DM yield responses but it would seem improbable 
that such a high percentage of calcareous soils are actually 
Zn deficient under field conditions. 
A number of soils with high Zn tests exhibited a yield 
response but neither high pH nor high organic matter levels 
6.0-
I 5»oq Pi 
S . 
4,0" 
o 1/1 
w 
2.0. 
1.0. 
e 
e f 
• • 
"5T7 
® = nonresponsive 
® = responsive 
•(» 
9 
« 
(& (9 
——ôTT-
& fP TSr 
,.3» ^ !;r 
Figure I7. 
Soil pH 
H3i-H2S0^-Zn vs. soil pH with lines estimating soil test values that best 
separate deficient and nondeficient soils used in the greenhouse. Hori­
zontal line is based solely on soil-test Zn and the sloping line is based 
on soil-test Zn adjusted for soil pH 
M M 
o\ 
217 
appear to be important factors in these soils as they were 
with the DTPA, EDTA and HCl methods. There was a tendency for 
response to occur at higher Zn levels with increasing pH but 
of the 11 soils containing more than 1.25 ppm Zn and showing 
response five were acid and six were alkaline. Organic matter 
in these soils showed no tendency to be higher as levels 
ranged from 1,19^ to 9*98^. In fact, the highest HCl-HgSOji^ 
Zn level observed in a soil on which a response was observed 
was 2.65 ppm in a Fayette soil with a pH of 6.9 and a low 
organic matter content of 1.29#. It would appear that any 
consideration of organic matter content of the soil in inter­
preting this soil-test method would not be necessary. Adjus-
ments for soil pH, on the other hand, would improve the use­
fulness of the method as a Zn soil test. 
MgClg A definite trend toward lower levels of MgClg 
Zn occurred in soils in which a Zn response was found in 
these studies. The average level of Zn extracted by MgClg 
was 0.791 0.29, and 0.11 in soils showing no response, mar­
ginal response and positive response, respectively. However, 
correlations between MgCl? Zn and yield response were gen­
erally lower than those obtained with the other extractants. 
The overall correlations obtained between yield response 
and MgClg-Zn in the greenhouse experiments were -0.538 in 
Experiment 1 and -0,719 in Experiment 2 (Figure 18). Zinc 
extracted by this method showed the highest r value (.586) 
with leaf Zn content of corn grown at field sites from which 
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the greenhouse soils were collected. 
Multiple correlations including significant soil proper­
ties (organic C in Experiment 1 and pH, organic C and CaCO^ 
in Experiment 2) produced multiple linear correlations of 0.662 
and 0.892 with yield response. The partial r value for or­
ganic C was negative in both experiments whereas significant 
partial r values for pH and CaCO^ were positive. The latter 
two soil properties exhibited dominant effects on the level of 
Zn extracted by MgClg as Zn levels were essentially zero in 
most calcareous soils. Consequently, correlations with yield 
response were very low in the calcareous soils (.000 in 
Experiment 1 and -.146 in Experiment 2), The correlations 
obtained between yield response and MgCl^ Zn in noncalcareous 
soils were higher (-.^95 and -.68?) and statistically signifi­
cant. The r value of -0.68? was the highest correlation ob­
tained in noncalcareous soils for any of the five methods in 
Experiment 2, 
Evaluating the method from the standpoint of predictive 
values provided results which are somewhat disconcerting. An 
excellent predictive value of 84^ was obtained based on a 
critical level of O.3O ppm MgClg Zn. This value was higher 
than those obtained with the other four- methods in spite of 
the fact that the extractant was incapable of extracting mea­
surable levels of Zn from virtually all of the calcareous 
soils. A response on nearly all of the calcareous soils re­
sulted in the high predictive value. 
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Consideration of soil pH did little to improve the rela­
tionship between MgClg Zn and plant response. Adjusting the 
critical level of MgClg Zn for pH did not improve the predic­
tive value from 84^ (Figure 19). Regression equations relat-
2 ing yield response to MgCl2 Zn and pH did raise the R value 
significantly from 0.289 with Zn alone to -0.577 in Experi­
ment 1, but in the second experiment the effect of MgCl2 was 
nonsignificant once the effect of pH was accounted for. 
On the basis of predictive values alone, MgClg would 
appear to have potential as a Zn soil test, but the failure of 
the extractant to remove measurable levels of Zn from cal­
careous soils is a serious weakness of the method. Correla­
tions with yield response to noncalcareous soils were sig­
nificant and indicate that MgCl2 might be a useful soil test 
for Zn in acid soils. 
Summary 
Two greenhouse experiments were conducted to compare the 
Zn response of 61 topsoils and six subsoils representing most 
of the soil associations in Iowa. Yield response was related 
to soil Zn extracted by five common Zn soil-test methods to 
evaluate the suitability of these analytical methods as in­
dices of Zn availability in Iowa soils. Yield response and 
soil Zn were correlated with soil pH, and the content of 
organic matter, CaCO^, clay and available P to determine the 
soil properties which are associated with low Zn availability 
• = nonresponsive 
G) = responsive 
(S> 
Figure 19= 
Soil pH 
BIgiClp-Zn vs. soil ])H with a line estimating the soil-test value that 
best separates deficient and nondeficient soils used in the greenhouse. 
I'he line is based on soil test Zn and is not improved by adjusting for pH 
K> 
M 
N) 
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in Iowa soils. 
Yield response to Zn was considerably greater in the 
greenhouse than would be expected under field conditions. Dry 
matter production of corn in pots receiving 7*5 mg of Zn was 
higher than in check pots on 62 of the 6? soils although re­
sponses were statistically significant (5^ level) on only 30 
soils. 
Yield response to Zn was frequently associated with high 
soil pH and free CaCO^ content. Statistically significant re­
sponses occurred on 14 of 1? calcareous soils in the studies 
but on only l4 of 42 soils with pH values below 7«0. Although 
soil pH was significantly correlated with yield response the 
relationship was evident only at pH values over 7«0. Soil pH 
showed no apparent effect as it increased through the acid 
range. The CaCO^ content showed similar correlations with 
yield response. Leaf Zn in com plants grown at field-collec-
tion sites of soils used in the second greenhouse study was 
also depressed by high soil pH as the mean leaf Zn level on 
calcareous soils was 19«1 ppm vs. 24,0 ppm at noncalcareous 
sites. 
Soil organic matter showed a positive effect on Zn avail­
ability to com in the greenhouse although the effect was most 
evident when organic matter levels were very low or when Zn 
availability was restricted by high soil pH. The highest 
yield response to Zn generally occurred on high pH-low organic 
matter soils. High organic matter levels tended to reduce the 
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negative effect of high pH on Zn availability. For example, 
the organic matter level in two of the three calcareous 
soils which failed to show a yield response was over 
Soil texture did not appear to closely relate with yield 
response. 
Clay content was not significantly correlated with 
response and the response on dry sandy soils was less (llfo) 
than the average shown for the experiments { 2 0 % ) ,  Soil P 
was positively correlated with Zn availability as many of the 
soil properties favorable to Zn availability also increased 
availability of P. 
The level of Zn extracted from soils in these studies 
and the number of soils classified as low or medium varied 
with the extractant. The highest mean level of Zn was ex­
tracted by H31 (7,4 ppm) followed by EDTA (2,18 ppm), 
HCl-HgSO^ (1.72 ppm) and MgClg (0.44 ppm). Calibration levels 
established in other states placed two topsoils in the low 
category according to the DTPA method, 12 soils with EDTA and 
six soils with HCl. In addition, 14, 16, and 1 soils were 
placed in a medium category by the above methods, respectively. 
The level of Zn extracted by the five methods was sig­
nificantly correlated for all methods but HCl and MgClg. The 
highest correlation between methods was 0.920 between the 
chelate extractants DTPA and EDTA. 
Soil pH and CaCO^ content were negatively related to the 
level of Zn extracted by the five soil extraction methods but 
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the greatest effect was noted on the HGl-HgSO^, and MgClg 
extractants. The acid in the 0.075N HGl-HgSO^^ extractant was 
completely neutralized by as lictle as 1.5^ free CaCO^, thus 
the extractable Zn levels obtained by this method were near 
zero for most of the calcareous soils. The MgClp method was 
unable to extract detectable levels of Zn from alkaline soils 
and was therefore of no value on these soils. 
The O.IN HCl extractant actually extracted a slightly 
higher mean level of Zn from calcareous soils containing less 
than the 12.50 CaCO^ content required to neutralize the acid 
than it did from noncalcareous soils. Apparently, the strong 
acid dissolved forms of Zn in calcareous soils that were not 
readily plant-available since response was higher on these 
soils. The KGl v/as neutralized by soils containing more than 
12.50 CaCO^i however, and the level of Zn extracted from 
these soils was low. 
Organic matter was significantly correlated with Zn ex­
tracted by DTPA, EDTA and HOI indicating a positive effect on 
the level of Zn extracted by these methods. Clay was signifi­
cantly correlated only with HCl-Zn. This was the only rela­
tionship noted between clay and a plant or soil index of Zn 
availability in these studies. Soil P was positively corre­
lated with the level of Zn extracted by all five methods pre­
sumably because Zn and P availability is influenced by most of 
the same soil properties. 
Overall, the linear effects of soil properties showing 
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significant correlations with soil Zn explained from as little 
as 18.8# of the variation in EDTA-Zn to as high as 44.2# of 
MgClg-Zn. 
All five soil-test methods showed significant correlations 
with yield response of com in the greenhouse "but several 
showed poor relationships on calcareous soils. The inability 
to function in these soils greatly reduces a method's utility 
as a potential Zn soil test in Iowa. The highest correlation 
with yield response in Experiment 1 was shown by DTPA (-.666) 
followed by EDTA (-.879)• HCl-HgSO^ (-.765). HCl (-.658) and 
MgClg (-'538), In the second experiment DTPA again showed 
the highest correlation with yield response (-.792) followed 
by HCl-HgSO^ (-.775). EDTA (-.744), MgClg (-.719) and HCl 
(-.253): On the basis of correlations DTPA, EDTA and HCl-
HgSO^ would appear to have potential as Zn soil tests on 
Iowa soils. However, only the chelate extractants performed 
consistently well on calcareous soils. The correlation be­
tween yield response and HCl-HgSO^j, on calcareous soils fell 
to -.484 in Experiment 1 and -.430 in Experiment 2 while DTPA 
and EDTA performed very well on these soils. The HCl method 
showed surprisingly high correlations with yield response on 
calcareous soils (=.824 and -,695 in Experiments 1 and 2, 
respectively) in spite of its overall poor performance. The 
MgClg method was a complete failure on calcareous soils show­
ing correlation of -.000 and -.146 in the two studies. 
In an attempt to determine if the relationship between 
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yield response and soil Zn could be improved by consideration 
of other soil properties, multiple correlation and regression 
analysis including soil Zn and these properties were performed. 
The contribution of soil pH and/or CaCO^ with soil Zn improved 
the correlation over soil Zn silone in most instances and 
organic matter also proved useful in explaining yield response 
in several instances. Clay was of little value. 
The influence of soil reaction and organic matter content 
on the level of soil Zn and its relationship with yield re­
sponse indicated that consideration of these soil properties 
may improve the calibrating of the soil test. Soil pH in 
particular is easily measured and can be used to adjust the 
soil-test level to improve its value as an index of Zn 
availability. 
Soil pH was used to improve the relationship between 
soil Zn and yield response by regressing yield response on 
soil Zn plus pH and by visually adjusting the critical soil-
test level for pH to improve the separation of deficient and 
nondeficient soils. Table 46 summarises the increases in R 
and predictive values relating yield response to soil Zn when 
soil pH was considered. Consideration of soil pH with soil Zn 
improved the relationship with yield response in all cases 
which suggests that soil pH would increase the accuracy of the 
Zn soil tests as indices of Zn availability. In the past, 
the utility of the HCl method has frequently been improved by 
adjusting the critical level for CaCO^ content or sum of 
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cations in the extract. In these studies pH improved the 
correlation between HCl-Zn and yield response slightly more 
than did these two measurements. Soil pH is more easily 
measured than CaCO^ or sum of cations. 
Overall, the DfTPA and EDTA methods appear to show the most 
potential as Zn soil tests in Iowa on the basis of correla­
tion with yield response, particularly on calcareous soils, the 
critical Zn levels may need to be adjusted for pH and organic 
matter. The HCl method was unsatisfactory unless some measure 
of pH, CaCOg or sum of cations was made. The HCl-HgSO^ and 
MgClg methods were unsatisfactory on calcareous soils. 
Effect of Air Drying of Soils on the Availability of 
Zn and Other Micronutrients 
Reference was made in previous sections of this disserta­
tion to a general increase in soil extractable Zn levels re­
sulting from air drying of samples prior to analysis. Air 
drying of soil samples is standard procedure for most soil 
testing laboratories, and most soil tests for Zn reported in 
the literature have employed dried soil. In contrast, soil 
tests performed by Iowa State Uhiversity Soil Testing 
Laboratory are conducted on undried or field-moist samples 
which make the question of air drying and its subsequent effect 
on the Zn soil tests of primary concern. Consequently, studies 
were undertaken to evaluate the effect of drying the soil on: 
(1) the level of Zn extracted by five soil-test methods, 
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(2) changes in extractable Zn as related to soil properties, 
(3) the relationship (correlation) between soil-test Zn and 
yield response, and (4) yield response of com grown in the 
greenhouse. 
Extractable soil Zn levels 
Mean levels of Zn extracted by five methods from field-
moist (FM) and air-dried (AD) samples of 6l topsoils and six 
subsoils used in the greenhouse experiments are presented in 
Table 4?. The results of analyses of individual soils can be 
found in Tables 29 and 30. Analysis of variance were per­
formed on these data and P tests of drying effects are shown 
in Table 48. The significant P-values in this table show that 
drying affected the level of Zn extracted by all five methods. 
Extractable Zn was increased by drying for all methods but the 
magnitude of the increase varied depending on the method. 
In topsoils, drying caused the greatest percentage increase 
in the level of Zn extracted by MgClg (100^) followed by 
DTPA (70#), EDTA (33#), HCl (23#) and HCl-HgSO^ (17#). How­
ever, increases in the quantity of Zn extracted by the various 
methods were not necessarily in the above order. For example, 
the largest quantitative increase in extractable Zn on drying 
occurred with the HCl method (1.4 ppm). 
Percentage increases in Zn on drying were much higher in 
the subsoils (more than 100# for four of the five methods). 
However, actual increases in Zn concentrations were smaller 
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Table 4?. Effect of drying on mean levels of Zn extracted by 
five methods from soils used in the greenhouse 
experiment® 
Method 
ToDSoils Increase on 
drying 
95 
Subsoils Increase on 
drying m 
— p p m -
AD m 
ppm-
AD 
DTPA 0.95 1.62 70 0.17 0.42 147 
EDTA 1.76 2.34 33 0.24 0.63 162 
HCl 6.20 7.60 23 5.10 5.80 14 
HGl-HgSO^ 1.56 1.82 17 0.31 0.64 105 
MgClg 0.23 0.46 100 0.05 0.24 433 
^Sixty-one are topsoils and six subsoils (12-18" depth). 
Table 48. The F-value s for the effect of drying on levels of 
Zn extracted by five methods from soils used in 
the greenhouse experiments 
Method Experiment 1 
F-values 
Experiment 2 
DTPA 
EDTA 
HCl 
HCl-HgSO^ 
MgClg 
124.10** 
39.73" 
49.42** 
28.40** 
15.39** 
156.3O"" 
65.28** 
30.25** 
11.87** 
26.77** 
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in these soils. Drying generally increases exchangeable K more 
in subsoils than in topsoils (John Hanway, Department of 
Agronomy, Iowa State University, 1972, private communication). 
Presumably drying has a greater effect on K in subsoils which 
have never been subjected to natural air drying in the field. 
Even though the effect of drying on extractable Zn was 
large, the correlation was high between Zn in air-dried and 
field-moist samples. Linear regression equations relating Zn 
2 in air-dried and field-moist samples produced R values near 
or above 90?^ for all methods (Table 49), Coefficients of 
variation obtained from these equations were 0.9^9 with DTPA, 
0.930 with HGl-HgSO^, O.925 with HCl, O.906 with EDTA and 
0.887 with MgCl2. A graph illustrating the relationship be­
tween DTPA Zn in air-dried and field-moist samples is shown 
in Figure 20. 
One apparent inconsistency in the effect of drying was 
that percentage increases in Zn were greatest in low-testing 
soils. The regression equations predict that in a soil 
testing zero ppm Zn in the field-moist state air drying would 
increase the test value to O.275 ppm Zn with DTPA, O.I76 ppm 
with EDTA, 1.3 ppm with HCl, O.O67 ppm with HCl-HgSO^, and 
0.021 ppm with MgClg. Addition of this constant value pro­
duced a larger relative increase in Zn level in low-testing 
than high-testing soils. For example, if a soil contained 
0.10 ppm DTPA Zn in a field-moist sample the soil would test 
0.41 ppm if air dried, a percentage increase of 310#^. But, if 
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2 Table Regression equations and R values relating the 
level of Zn in air-dried soils (Y) to the level 
of Zn in field-moist soils (X) used in greenhouse 
Experiments 1 and 2 
2 Method Regression equation R 
DTPA Y = .275 + 1.373% -9^9 
EDTA Y = .176 + 1.233X .906 
HCl Y = 1.33 + .97X .925 
HCl-HgSO^ Y = .067 + 1.140X .930 
MgClg Y = .021 + I.95OX .887 
a soil contained 1.00 ppm in a field-moist sample it would 
test 1.64 ppm if air dried or an increase of only 64#. 
As soils are subjected to drying, soil contraction 
should result in the breakage of bonds between clay and organic 
matter exposing new surfaces to a chemical extractant. An 
attempt was made to relate the increases in Zn on drying to 
specific soil properties but no consistent relationships were 
found. 
Effect of air drying on the relationshiîj between soil Zn and 
plant response 
The effect of drying on levels of extractable Zn is of 
only academic importance if the empirical relationships be­
tween soil Zn and plant indices of Zn availability are not 
affected. Correlation between yield response of com in the 
greenhouse and Zn extracted by the five methods from fields 
Figure 20. The relationship between the level of Zn extracted 
by DTPA from air-dried and field-moist samples of 
soils used in greenhouse Experiments 1 and 2 
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moist and air-dried soil samples were determined to study the 
effect of drying on the ability of the test method to relate 
to response. These correlation coefficients are presented in 
Table 50* Basically, drying had little effect on the rela­
tionship between yield response and soil-test Zn. There was 
only a slight tendency for higher correlations with field-
moist samples as seven of the 10 correlations were higher 
with these samples ; however, the differences were usually 
limited to the third decimal place. These data suggest that 
if these extraction methods are properly calibrated, air 
drying soil samples should not affect the value of the methods 
as Zn soil tests. 
Effect of air drying soils on response of com to ^  in the 
greenhouse 
The effect of air drying soils on extractable Zn raised 
the question of whether or not the increased level of extrac­
table Zn in air-dried soil was actually available to the 
plant. In order to answer this question 10 of the soils 
employed in the second greehhouae study were air dried prior 
to potting. Com plants were grown in these soils to allow 
comparisons with the field-moist soils. A comparison of dry 
matter yield, Zn concentration and Zn yield of plants grown 
on field-moist and air-dried samples of these soils are 
shown in Table $1, Statistical analyses of variance of IM 
yield, Zn concentration and Zn yield are presented in Tables 
52, 53, and 54, respectively. Drying did not significantly 
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Table 50* Correlation coefficients relating yield response 
of com to the level of Zn extracted by five soil 
test methods from field-moist (FM) and air-dried 
(AD) samples of soils used in the greenhouse 
experiments* 
Experiment 1 Experiment 2 
Soil test (Zn yield response) (Dm yield response) 
method ÎM AD fM AD 
DTPA -.894 -.886 -.789 
-.787 
EDTA -.886 -.879 
-.757 -.756 
HCl -.658 -.653 -.419 -.361 
HCl-HgSO^ 
-.759 -.765 -.769 -.773 
MgClg —. 628 -.538 -.716 -.719 
^Underlined coefficients are R values# all other coeffi­
cients are r values. 
affect any of these measurements of Zn nutrition; however, the 
soil by drying interaction effect on DM yield was significant 
in all cases. 
Analyses of variance were also determined within each soil 
to measure the effect of drying and Zn by drying interaction 
effects on IB yield and Zn yield, The p tests for these 
effects shcv-Tî in Table 55 reveal that drying significantly 
affected DM yield on soils 3, 7, 31 and 57« Dry matter yield 
was higher on the air-dried samples of soils 3,7, and 31 
but lower on soil 3?, With the exception of soil number 3, 
Zn yield was not significantly affected by drying. . 
Table 51. Dry matter yield, Zn concentration and Zn yield of corn receiving 0 and 7.5 mg of Zn per 
pot grcwii on field-moist and air-dried soils 
Soil 
no. 
Soil 
series 
DryiniS 
treat­
ment* 
m yield 
(e/pot) DM 
yield 
response 
% 
Zn concentra­
tion ( a/pot) 
Zn yield 
(Ug/pot) Zn 
yield 
response 
% 
0 
--mg Zn 
7.5 
added-
0 
-mg Zn 
7.5 
added" 
0 
—mg Zn 
7.5 
added— 
3 Canisteo FM 26.4 2.9.6 11 15.9 25.0 419.8 740.0 43 
AD 27.6 33.7 18 16.0 19.5 437.0 663.6 24 
7 Hagener FM 29.5 39.3 2.5 15.6 19.9 460.2 782.1 41 
AD 37.1 41.6 11 19.2 21.7 701.5 902.9 22 
17 Monona FM 44.2 43.6 8 11.7 23.1 470.0 1007.0 53 
AD 39.0 43.3 10 10.8 22.9 421.4 962.0 56 
20 Napier FM 4.0 27.0 £15 10.9 19.5 43.6 526.5 92 
AD 8.4 29.7 72 11.5 14.3 100.6 423.9 76 
22 Nicollet FM 43.5 44.3 2 14.6 32.8 635.1 1453.0 56 
AD 40.9 43.4 6 16.0 36.8 651.0 1596.0 59 
24 Edina FM 41.1 42.9 4 16.3 26.9 669.9 1154.0 42 
AD 41.5 43.4 5 20.6 25.9 860.0 1131.0 24 
28 Fayette FM 36.5 39.5 8 11.0 29.2 401.5 1153.4 65 
AD 34.5 37.2 7 10.1 26.9 351.3 995.7 65 
31 Clyde FM 21.4 25.1 15 13.9 20.3 297.5 509.5 42 
AD 24.3 27 .1  10 13.2 20.9 317.9 505.4 44 
35 Muscatine FM 27.0 31.6 15 12.5 22.4 337.5 707.8 52 
AD 29.7 30.8 4 17.5 25.9 525.5 790.3 33 
37 Webster FM 27.1 37.3 27 9.3 23.9 252.0 891.5 72 
AD 29.6 35.0 30 13.4 25.8 325.0 890.6 64 
= field-moist or undried, AD = air-dried. 
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Table 52. Analysis of variance of DM yield of corn plants 
grown on 10 field-moist and air-dried soils in the 
greenhouse^ 
Source of 
variation DF Mean square 
Blocks 
Soils 
Zinc 
Drying 
Soil X 
Soil X 
zinc 
drying 
Zinc X drying 
Error 
Total 
2 
9 
1 
1 
9 
9 
1 
87 
119 
0.8283 
8.4851 
10.5672 
0.1449 
1.1996 
0.2254 
0.0151 
0.0544 
15.21** 
155.83** 
194.07** 
2.66 
22.03** 
4.14** 
0.24 
^cv = 7.0#. 
Table 53» Analysis of variance of Zn concentration in com 
plants grown on 10 field-moist and air-dried soils 
in the greenhouse^ 
Source of 
variation DP Mean square F 
Blocks 2 61.35 2.51* 
Soils 9 105.89 6.07** 
Zinc 1 3004.00 172.25** 
Drying 1 8.64 0.50 
Soil X zinc 9 82.53 4.73** 
Soil X drying 9 20.68 1.19 
Zinc X drying 1 21.84 i.25 
Error 87 17.44 
Total 119 
®CV = 21.8#. 
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Table 5^. Analysis of variance of yield of Zn by com plants 
grown on 10 field-moist and air-dried soils in 
the greenhouse^ 
Source of 
variation DF Mean square F 
Blocks 2 49 0.22 
Soils 9 6720 29.64** 
Zinc 1 60940 268.81** 
Drying 1 245 1.08 
Soil X zinc 9 1380 6.09** 
Soil X drying 9 286 1.26 
Zinc X drying 1 262 1.16 
Error 87 226 
Total 119 
^CV = 22.6#. 
If drying increased Zn availability, the Zn by drying 
interaction should be significant in at least some soils indi­
cating a different response to Zn on dried and field-moist 
soils. The only indication of such an interaction was with 
DM yield on soil 7 and Zn yield on soil 20 where significance 
at the 10# level was achieved. Even though analyses of vari­
ance showed little evidence of a significant effect of drying 
soils on the availability of Zn to plants there were some 
trends which indicate that Zn availability was somewhat higher 
in air-dried soils. For example, the average Zn yield response 
on the field-moist soils was 56?S compared to a response of 48# 
on air-dried soils. In addition, Zn yield from the zero Zn 
treatments was higher on the air-dried soils in 8 of the 10 
Table 55. Statistical F-values for Zn, drying and Zn by drying effects on DM yield and Zn yield 
of com grown in the greenhouse on air-dried and field-moist samples of 10 soils used 
in the air-drying study 
Source of : Soil number 
variation 3 7 17 20 22 24 28 31 35 37 
DM yield 
Zn 22.24** 47.05** 6.34* 154.58** 1.81 1.77 1.88 25.65** 6.63* 121.85** 
Drying 7.60* 22.58** 1.02 4.00 1.74 0.12 4.89 13.95** 0.99 6.25* 
Zn & 
drying 2.33 5.87+ 0.00 0.22 0.49 0.01 0.28 0.38 2.96 0.01 
h) 
Zn yield o 
Zn 8.16* 33.25** 23.49** 156.03** 41.91** 15.82** 76.36** 52.49** 15.49** 42.93** 
Drying 3.75+ 0.43 1.39 0.70 0.38 0.80 1.94 1.44 3.04 0.18 
Zn & 
drying 0.36 1.00 0.21 5.83f 0.18 1.29 0.32 0.27 0.40 0.13 
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comparisons. The most Zn deficient soil in the experiment was 
number 20 (Napier) and Zn yield response was 76^ on the air-
dried sample of this soil vs. 92?^ on the undried sample. Thus, 
while it is difficult to make any definite conclusions from 
these data, there does appear to be a tendency for increased 
Zn availability to plants in the air-dried soils. 
Soil pH, buffer pH and available P and K were determined 
on the air-dried and field-moist soil samples in order to 
investigate any changes in these soil properties resulting from 
drying which might interact with Zn availability. These 
analyses presented in Table 56 show that drying appeared to 
reduce pH and increase available K. The mean pH of air-dried 
and field-moist samples was 6.6 and 6.9, respectively. Since 
pK showed a general negative relationship with Zn extracted by 
the various methods the lower pH in the air-dried samples is a 
possible explanation for the higher levels of extractable Zn 
found in the dried soils. Soil K is not known to exhibit any 
causal relationship with Zn availability and the increase in 
available K on drying is not likely related to the changes in 
extractable Zn. 
Effect of drying soils on levels of DxFA-extractable Fe, Cu 
and Mn 
Some information on the effect of air drying soils on the 
levels of micronutrients other than Zn was afforded by the 
availability of the DTPA extracts of field-moist and air-dried 
samples. The DTPA extractant has been suggested by Follet 
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Table $6, Soil pH, "buffer pH and available P and K levels in 
field-moist (M) and air-dried (AD) samples of 10 
soils used in the greenhouse air-drying study 
PH Buffer PH P K 
no. M AD M AD M AD FM AD 
ppm-
3 7.4 7.2 7.2 7.1 98 96 368 400 
7 7.3 6.4 7.2 7.0 26 36 132 145 
17 6.4 6.0 6.8 6.5 75 70 600 602 
20 8.0 7.6 7.4 7.2 31 34 262 505 
22 6.1 5.2 6.6 6.4 61 50 255 240 
24 6.3 6.2 6.9 6.8 86 110 131 161 
28 6.2 6.4 7.0 7.0 45 42 155 175 
31 7.1 7.0 7.0 6.9 39 46 270 210 
35 7.4 7.2 7.2 7.1 114 104 210 352 
37 6.4 6 , 6  6.8 6.8 30 38 105 149 
Mean 6.9 6.6 7.0 6.9 61 63 249 299 
(1971) and others as a reliable soil test for FQ, GU and Mn. 
Analyses of KPPA extracts for Fe, Cu and Mn were performed on 
the 30 soils employed in the first greenhouse study to provide 
an indication of the effect of air drying on sxtractable levels 
of these micronutrients (Table 57)» No statistical evaluation 
of these data was performed, but a general increase in the 
extractable levels of Fe, Cu and Mn is evident. 
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Table 57» Levels of Fe, Cu and Mn in DTPA extracts of field-
moist (M) and air-dried (AD) samples of soils em­
ployed in greenhouse Experiment 1 
Soil Soil ^ — — 
no. series EM AD FM AD FM AD 
PPm 
1 Edina 44.6 58.0 0.80 1.09 14.9 14.6 
2 Weller 46.2 60.0 0.80 1.16 22.2 23.5 
3 Canisteo 3.7 12.7 0.73 1.25 2.0 7.0 
k Oanisteo 4.1 13.4 0.73 1.28 3.6 6.1 
5 Canisteo^ 2.1 11.1 0.72 1.28 1.7 2.3 
6 Webster 9.3 24.3 0.72 1.17 7.2 8.6 
7 Harps 3.5 15.5 0.59 1.20 - 6.6 
8 Storden 2.9 6.8 0.41 0,60 4.5 7.8 
9 Clarion 54.0 64.0 0.62 0.92 18.0 20.2 
10 Fayette 20.6 50.0 0.45 0,57 9.9 11.9 
11 Fayette^ 23.3 33.7 0.52 0.65 1.8 2.8 
12 Gal va 55.0 70.0 0.70 1.18 20.0 24.0 
13 Primghar 54.0 60.0 0.82 1.45 16.0 18.8 
14 Primghar^ 23.6 55.0 1.00 1.80 6.1 8.3 
15 Clyde 75.0 85.0 1.10 1.54 34.2 33.0 
16 Kenyon 2S.0 48.0 0.37 0.68 8.2 12.0 
17 Kenyon& 27.5 60.0 0.47 0.72 1.0 2.7 
18 Luton 40.0 58.0 2.49 2.64 20.7 27.5 
19 Haynie 5.7 16.8 1.12 1.45 5.1 10.7 
20 Marshall 38.8 56.0 0.60 1.15 18.0 21.5 
21 Monona 50.0 68.0 0.61 i.35 26.6 36.0 
22 Ida - 14,2 0.47 1.05 — 12.5 
23 Ida* 3.5 12.5 0.47 0.92 6.2 12.0 
24 Moody 40.0 60.0 0.64 1.18 30.8 32.0 
2# Moody^ 13.6 31.9 0,90 1.50 8.6 8.5 
26 Tama 58.0 80.0 0.83 1.30 23.7 32.3 
27 Sharpsburg 61.0 82.0 0.88 1.55 36.5 38.0 
28 Dickineon 29.6 45.0 0.35 0.46 8.5 11,0 
29 Mahaska 72.0 85.0 1.22 2.05 24.0 26.0 
30 Primghar 51,0 75.0 0.64 1.14 18.0 24.7 
Mean 32.4 47.1 0.76 1.21 13.5 17.9 
^Samples taken from 12-18 in. depth. 
2# 
The mean level of Fe in the field-moist samples was 32,4 
ppm vs. 47.1 ppm in dried samples. There is an increase in Fe 
content of but the increase on drying was probably even 
greater because the Fe level in many samples was too high for 
accurate readings without further dilution. For example, the 
percentage increase in Fe concentration in soils testing less 
than 10 ppm was 231#, The mean level of Cu was increased from 
0.76 ppm to 1.21 ppm on drying or an increase of 59#. 
Manganese was increased by 33?^ from a mean level of 13«5 Ppm 
in field-moist soils to 17*9 Ppm in dried samples. 
No plant analyses or response measurements were made for 
Fe, Cu or Mn but the effect of air-drying on DTPA-extractable 
levels of these micronutrients in this study would indicate the 
need to evaluate the influence of drying soils on the ability 
of the method to relate to plant response. 
Summary 
The relative amounts of 2n extracted from air-dry and 
field-moist soils was of",interest because the Iowa State Uni­
versity Soil Testing Laboratory procedures involve the use of 
field-moist samples, whereas most laboratories air dry samples 
before testing. Air drying of soils increased the amount of 
Zn extracted by all five methods used in this study, but the 
magnitude of increase varied with the method. The percentage 
increase in Zn on drying was greatest in the subsoils but 
absolute increases were smaller in these soils because of their 
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lower Zn content. 
The correlation was high between Zn levels extracted from 
air-dried and field-moist samples with regression equations 
producing R values of 90?^ or above for all soil-test methods. 
Basically, drying of the soil had little effect on the 
response of plants grown in the greenhouse, with responses 
averaging only slightly higher on the field-moist samples. The 
relationship between yield response and soil-test Zn was like­
wise only slightly influenced by soil drying. 
These data would suggest that air drying should have 
little effect on the value of various soil-test methods for 
predicting Zn availability and plant response in various soils. 
With proper calibration they should perform equally well on 
air=dry and field-moiet samples. 
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SUMMARY AND CONCLUSIONS 
Zinc is recognized as a limiting nutrient for crops in 
several states in the central U.S., but prior to this study 
little research had been conducted to assess the status of Zn 
in Iowa soils under various soil and management conditions. 
Plant analysis in Iowa has indicated marginal or borderline 
levels of Zn in certain areas of the state but a limited num­
ber of field experiments has shown only isolated responses to 
Zn fertilization. Nevertheless, questions regarding the need 
for Zn for crop production in Iowa coupled with increased use 
of Zn fertilizers indicated a need for additional research 
upon which to base Zn recommendations. 
This study involved field, greenhouse and laboratory in­
vestigations to assess the suitability of plant and soil in­
dices for measuring Zn availability in some Iowa soils. The 
studies also were designed to identify soil properties which 
affect Zn availability and to study influences they might exert 
on the measurement and interpretation of Zn levels in plants 
and soils. 
Initially, corn-leaf and soil samples were collected from 
over 1?0 sites to assess the availability of Zn in the CKW 
soils of NO Iowa, a locality in which localized areas of Zn 
deficiency had been observed in the past and in which a wide 
range of soil characteristics are found. In general, the 
level of Zn in corn-leaf and soil samples was significantly 
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correlated but the magnitude of the correlation (r = .476) 
was low. Consequently, conclusions regarding the status of Zn 
in this area based on com-leaf levels were not entirely con­
sistent with those based on soil Zn analyses. A classifica­
tion of analyses into selected ranges of sufficiency showed 
approximately 49^ of the plant samples and 26^ of the soil 
samples to be marginal or lower in Zn. This discrepancy in­
dicates a need for additional calibrations of these tests based 
on field response to applied Zn. A general lack of response 
to Zn in limited field trials in the past indicates that, 
based on the calibrations employed, the soil test may have more 
accurately measured Zn availability than the corn-leaf analysis. 
Soil pH and/or CaCO^ content were important factors affect­
ing Zn availability in this study. Calcareous soils low in 
organic matter tended to be the lowest in available Zn while 
mucks and other high organic matter soils showed the highest 
Zn levels. Soil P did not show a negative relationship with 
Zn availability as is frequently reported. 
The availability of corn-leaf and soil samples from a 
series of 10 lime experiments provided an opportunity to study 
the effect of soil pH on Zn availability while other variables 
were held constant. Increasing soil pH by liming significantly 
reduced Zn content of corn leaves at all sites and reduced soil 
Zn levels at half of the sites providing further evidence of 
the negative effect of pH and/or CaCO^ on Zn availability. 
Corn-leaf and soil Zn levels were positively correlated at 
248 
sites where soil Zn levels were reduced by liming. Liming 
also significantly reduced the levels of soil Pe, Cu and Mn 
but only Mn was reduced in the plant. 
Two greenhouse studies involving 6l Iowa topsoils and 6 
subsoils were conducted to compare Zn response on soils with 
a wide range of properties. Yield response was related to Zn 
extracted by five soil-test methods to evaluate the potential 
of these methods for use on Iowa soils. Yield response of 
corn to Zn in the greenhouse occurred on a higher percentage 
of soils (45?5) than would be expected under field conditions 
largely as a result of placing greater stress on available Zn 
by limiting the quantity of soil per pot. The greater range in 
plant response permitted more precision in relating response 
to soil=test Zn levels and other soil properties. 
Soil pH was found to have a large effect on Zn avail­
ability with significant yield response being obtained on 82^ 
of the calcareous soils in the study and only 32^ of the non-
calcareous soils. The effect of pH on yield response was most 
pronounced on soils with pK levels of 7.0 or above while little 
effect was noticed as pH increased through the acid range. 
Soil organic matter content also significantly influenced plant 
yield response, with the greatest effect occurring in soils 
with very low organic matter or high pH values. All six of 
the low organic matter subsoils included in these studies 
showed significant yield responses. Neither clay nor available 
P content of soils affected yield response to Zn. 
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Quantities of Zn extracted by five soil-test procedures 
were related to yield response in the greenhouse in order to 
select a method adaptable for use on Iowa soils. All five 
extractants (DTPA, EDTA, HCl, HGl-HgSO^ and MgCl2) removed 
levels of Zn that were significantly correlated with yield 
response but some of the methods showed serious limitations 
on certain types of soils. The MgCl2 method extracted zero 
levels of available Zn from all calcareous soils, seriously 
limiting its value as a method for use on Iowa soils. The 
HCl-HgSO^ method showed a good relationship with yield re­
sponse on noncalcareous soils but was ineffective on soils 
containing more than 1.5^ free CaCO^, the amount required for 
neutralization of the acid extractant. The HCl method was 
generally poorly correlated with yield response unless the 
values were adjusted for some measure of soil reaction, such 
as pH, CaCOg or the sum of cations. This method showed rela­
tively high correlations with yield response on calcareous 
soils unless the level of GaCO^ exceeded 12.5^, the quantity 
required for neutralization of the extractant. 
The methods involving the two chelate extractants, DTPA 
and EDTA, performed well over the entire range of soil pH and 
correlated most highly with yield response. 
The relationship between yield response and the level of 
soil Zn extracted by most of the extractants was influenced by 
soil pH and organic matter. In general, the yield response at 
a given soil-test level was greatest at high pH and low 
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organic matter levels since these soil properties generally 
produced greater changes in soil Zn levels than in plant 
response. Consequently, the use of pH, CaCO^ and/or organic 
matter to adjust the level of soil Zn may be useful to improve 
the ability of these methods to predict Zn availability. 
Drying of soil samples prior to analysis was found to 
significantly increase the levels of Zn extracted by each 
method but the correlations between soil Zn and yield response 
were essentially the same for field-moist and air-dried 
samples. Thus the use of dried or undried samples was 
equally acceptable if proper calibrations were used to deter­
mine the critical levels. 
In general, these studies show that Zn deficiency is most 
likely to occur on high pH-low organic matter soils such as 
the Ida and Storden series or on exposed subsoils. Calcare­
ous soils with high organic matter levels such as the Canisteo 
and Harps series are lower in available Zn and may be defi­
cient in Zn in some cases. The level of soil P was not related 
to Zn availability in these studies and general recommendations 
for Zn fertilizer based on high P levels would appear ques­
tionable. Soil texture also did not appear to be a significant 
factor affecting Zn availability. 
Based on these studies the DTPA and EDTA extraction 
methods developed recently in Colorado appear to be suitable 
as Zn soil-test methods on the wide range of soil types 
found in Iowa although consideration of soil reaction and 
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organic matter may improve their Utility, Plant analysis is 
a valuable tool for measuring Zn availability but relatively 
low correlations shown between corn-leaf and soil Zn suggest 
the influence of environmental and soil factors on actual Zn 
uptake and the need for further study of the influence of 
these factors before plant Zn content is a conclusive test 
for available Zn. 
The research conducted in these studies has established 
some of the factors influencing Zn availability in Iowa soils 
and has evaluated the utility of various plant and soil an­
alyses methods as indicators of Zn availability. 
Field research will be required to determine the actual 
level of crop response to Zn in Iowa and to calibrate the plant 
and soil tests for Zn in relation to response under field 
conditions. 
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Table A-1. Location of field sites soil sampled for the 
greenhouse studies 
Site Soil 
no. type County Legal description 
1 Edina sicl 
2 Weller sicl 
3 Canisteo cl 
k Canisteo cl 
5 Canisteo cl®-
o Webster cl 
7 Harps sicl 
8 Storden cl 
9 Clarion cl 
10 Fayette sil 
11 Payette sicl®" 
12 Galva sicl 
13 Primghar sicl 
14 Primghar sic* 
15 Clyde sicl 
lo Kenyon 1 
17 Kenyon 1* 
18 Luton sic 
19 Haynie sil 
20 Marshall sil 
21 Monona sicl 
22 Ida sil 
23 Ida siia 
24 Moody sicl 
25 Moody sicl®-
26 Tama sicl 
27 Sharpsburg sicl 
28 Dickinson sal 
29 Mahaska cl 
30 Primghar sicl 
Experiment 1 
Davis Sec 
Monroe NWè 
Humbolt SEi 
Hancock SWÎ 
Hancock SWf 
Hancock SWî 
Harden Wi 
Palo Alto NWÎ 
Boone NWi 
Fayette KE| 
Payette NE| 
O'Brien NWi 
O'Brien WWf 
O'Brien NW| 
Buchanan SEi 
Buchanan SEf 
Buchanan 8E3 
Monona 
Harriison SE& 
Crawford • NeI 
Monona NE^ 
Monona 
Monona 
Lyon NEè 
Lyon NEÎ 
Linn NEÎ 
Dallas NE{ 
Linn SEi 
Keokuk Mi 
Clay NEÎ 
, T-68N, R-I3W 
Sec 6, T-72N, R-I6W 
Sec 4, T-93N, R-28W 
Sec 34, T-94N, R-25W 
Sec 34, T-94N, R-25W 
Sec 34, T-94N, R-25W 
Sec 32, T-89N, R-21W 
Sec 15, T-95N, R-32W 
Sec 9» T-83N, R-25W 
Sec 14, T-94N, R-8W 
Sec 14, T-94#, R-8W 
Sec 8, T-94K, R-39W 
Sec 8, T-94N, R-39W 
Sec 8, T-94N, R-39W 
Sec 10, T-89N, R-9W 
Sec 10, T-»89N, R-9W 
Sec 10, T-89N, R-9W 
Sec 19, T-78N, R-4^ 
Sec 33. T-84N, R-38W 
Sec 27, T-84N, R-43W 
Sec 27, x=S4k, R-43W 
Sec 20, Î-98N, R-45W 
Sec 20, T-98N, R-45W 
Sec 27, T-82N. R-5W 
Sec 14, T-78N, R=27W 
Sec 3, T-85N, R-6W 
Sec 18, T-74N, H-I3W 
Sec 7. T-95N, R-35W 
*12-18" depth. 
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Table A-1. (Continued) 
Site Soil 
no. type County Legal description 
Experiment 2 
1 
2 
i 
I 
7 
8 
9 
10 
11 
12 
il 
17 
18 
19 
20 
21 
22 
I 
II 
27 
28 
29 
30 
31 
32 
34 
3^ 
jz_ 
Nicollet 1 
Webster sil 
Canisteo sicl 
Harps cl 
Harps sic 
Canisteo cl 
Hagener sal 
Canisteo sad 
Webster cl 
Clarion sad 
(eroded phase) 
Marcus sicl 
Sac sicl 
Galva sil 
Primghar sicl 
Moody sicl 
Ida sil 
Monona sil 
Marshall sicl 
Marshall sicl 
(eroded phase) 
Napier sil 
Ida sil 
Nicollet loam 
Otley sicl 
Edina sil 
Dickinson sal 
Hagener sal 
Downs sil 
Fayette sil 
Fayette sil 
Kenyon 1 
Clyde 1 
Floyd 1 
Dickinson sal 
Dinsdale sil 
Muscatine sicl 
Fayette sicl 
(eroded phase) 
Webster cl 
Calhoun 
Calhoun 
Humbolt 
Humbolt 
Humbolt 
Palo Alto 
Palo Alto 
Palo Alto 
Palo Alto 
Palo Alto 
Clay 
O'Brien 
O'Brien 
Lyon 
Lyon 
Monona 
Monona 
Crawford 
Crawford 
Woodbury 
Woodbury 
Boone 
Mahaska 
Davis 
Bremer 
Bremer 
Fayette 
Fayette 
Fayette 
Fayette 
Fayette 
Fayette 
Buchanan 
Linn 
Linn 
Tama 
Hancock 
SW| 
NWi 
Sec 25 
Sec 9, 
Sec 17 
Sec 2, 
Sec 11 
Sec 2, 
Sec 13 
Sec 13 
Sec 4, 
Sec 35 
, T-86N, 
T-38N, 
, T-91N, 
T-92N, 
. T-93N, 
T-94N, 
, T-96N, 
, T-96N, 
T-96N, 
, T-97N, 
R-33W 
R-32W 
R-30W 
R-39W 
R-30W 
R31W 
R-32W 
R-32W 
R-31W 
R-31W 
ne| 
nwî 
sbI 
nwî 
neI 
NEi 
neI 
nw| 
Sec 35. T-97N, R-31W 
Sec 8, T-9#, R-39W 
Sec 2, T-99N, R-43W 
Sec 19, T-IOON, R-45W 
Sec 27, T-IOON, R-W 
Sec 27, T-84N, R-43W 
Sec 27, T-84N, R-43W 
Sec 35. T-62N, R-42W 
Sec 22, T-84N, R-38W 
mi, Sec 9. T-83N, R-25W 
Sec 9. T-68N, R-13W 
SEi, Sec 6, T-91N, R-14W 
Sec 3^, T-91N, R-lW 
Sec 1, T-94N, R-8W 
Sec 27, T-94N, K-8W 
Sec 2, Î-95N, R-lOW 
Sec 2, T-95N, R-lOW 
svi'i 
swi 
SEi 
nei 
ml 
swî 
Sec 16, T-93N, R-9W 
Sec 11, T-92N, R-lOW 
Sec 10, T-89N, R-9W 
Sec 22, T-84N, R-5W 
See 1, T-83K, R=5W 
Sec 19, T-83N, R-13W 
swi. Sec 34. T-94N. R-2SW 
Table A-2. Dry matter yield, Zn concentration and Zn yield of corn as influenced 
by rate of Zn in greenhouse Experiment 1 
DM yield (g/pot) Zn concentration (ppm) Zn yield (ug/pot) 
Soil 
no. 
(mg Zn/ 
pot) 1 
Replication 
2 3 1 
Replication 
2 3 
Replication 
1 2 3  
1 0 
0.75 
7.50 
12.59 
12.84 
12.81 
14.60 
13.74 
13.23 
12.49 
13.01 
12.90 
36.0 
41.9 
49.4 
26.5 
34.7 
53.9 
32.0 
27.0 
49.0 
453 
538 
633 
387 
478 
713 
400 
351 
632 
2 0 
0.75 
7.50 
8.77 
9.96 
11.19 
10.86 
12.65 
10.75 
10.36 
11.35 
11.25 
30.0 
30.7 
41.5 
25.2 
28.3 
50.5 
23.9 
28.9 
48.0 
263 
306 
464 
274 
358 
543 
248 
328 
540 
3 0 
0.75 
7.50 
6.85 
5.12 
6.97 
6.15 
5.43 
7.05 
4.96 
5.98 
6.72 
26.0 
28.6 
42.4 
24.3 
35.2 
34.5 
25.0 
30.4 
36.6 
178 
146 
296 
149 
191 
243 
124 
182 
246 
4 0 
0.75 
7.50 
7.74 
5.94 
8.32 
7.50 
8.52 
10.66 
5.89 
Ul 
22.2 
34.0 
37.9 
18.6 
25.1 
41.1 
18.4 
28.2 
45.3 
172 
202 
315 
140 
214 
438 
108 
206 
283 
5 0 
0.75 
7.50 
2.28 
2.61 
3.10 
1.81 
2.42 
2.82 
1.49 
2.39 
2.09 
26.2 
31.5 
53.5 
26.7 
29.3 
72.2 
33.0 
36.0 
99.9 
60 
82 
166 
48 
71 
206 209 
6 0 
0.75 
7.50 
7.18 
6.22 
6.84 
6.38 
6.15 
6.94 
6.20 
5.62 
6.38 
23.4 
25.8 
48.6 
20.5 
25.8 
39.6 
21.9 
25.3 
46.6 
168 
161 
332 
131 
159 
275 
136 
142 
297 
7 0 
0.75 
7.50 
3.42 
4.05 
4.76 
2.83 
3.47 
5.59 
2.50 
3.75 
3.82 
21.9 
26.2 
39.8 
26.5 
29.7 
36.2 
26.8 
30.8 
41.2 
75 
106 
190 
75 
103 
201 
67 
116 
157 
Table A-2. (Gomtinued) 
Treatment g. yleia 
Soil 
no. 
(rag, Zn/ 
pot) 1 
Replication 
2 3 
8 0 
0.75 
7.50 
3*66 
2.85 
5.15 
3.07 
2.70 
4.09 
2,38 
2.18 
3.48 
9 0 
0.75 
7.50 
8.86 
9.65 
9.69 
9.89 
9.67 
8.84 
7.92 
7.77 
9.10 
10 0 
0.75 
7.50 
6.55 
6.78 
8.70 
5.79 
7.89 
8.58 
6.68 
6.23 
7.44 
11 0 
0.75 
7.50 
2.47 
3.31 
5.84 
3.41 
3.56 
5.97 
3.20 
3.15 
4.35 
12 0 
0.75 
7.50 
5.76 
7.89 
7.68 
7.89 
7.71 
8.60 
6.82 
6.33 
6.22 
13 0 
0.75 
7.50 
7.56 
9.05 
9.30 
9.40 
8.81 
9.56 
7.37 
8.34 
9.34 
14 0 
0.75 
7.50 
6.73 
8.86 
8.51 
6.90 
7.30 
7.40 
4.82 
7.77 
8.80 
Zn concentration (ppm) Zn yield (gg/pot) 
Replication Replication 
1 2 3 1 2 3 
18.9 20.2 24.4 69 62 58 
36.6 36.5 28.6 104 99 62 
60.8 62.7 54.8 313 256 191 
33.0 27.5 33.6 292 272 266 
28.2 26.0 25.0 272 251 194 
46.2 46.8 36.6 448 414 333 
19.8 19.4 19.5 130 112 130 
25.3 28.1 21.0 172 222 131 
40.9 38.6 38.5 356 331 286 
22.7 23.6 20.0 56 80 64 
32.6 25.5 33.4 108 91 105 
66.0 55.5 58.5 385 331 254 
30.7 25.2 23.7 177 199 162 
30.2 26.4 24.4 174 204 154 
33.8 40.0 34.5 260 344 215 
20.4 22.5 17.0 155 212 125 
23.1 26.4 19.3 209 233 161 
38.0 35.7 35.4 353 341 331 
14.5 16.9 12.4 183 117 60 
20.6 27.8 22.5 183 203 175 
36.6 31.6 36.8 311 234 324 
Table A-2. (Continued) 
Treatment DM yield 
Soil 
no. 
(mg ZV 
pot) 1 
Replication, 
2 3 
15 0 
0.75 
7.50 
7.86 
8.89 
8.92 
9.04 
8.50 
8.10 
7.16 
7.95 
8.24 
16 0 
0.75 
7.50 
7.19 
8.00 
9.27 
7.71 
6.81 
8.79 
6.98 
8.05 
8.10 
17 0 
0.75 
7.50 
2.89 
3.42 
4.47 
2.11 
3.63 
4.96 
3.27 
3.52 
4.72 
18 0 
0.75 
7.50 
10.05 
9.42 
9.87 
9.08 
10.89 
11.16 
9.75 
9.37 
8.13 
19 0 
0.75 
7.50 
5.45 
5.37 
7.24 
5.15 
5.08 
7.33 5.91 
20 0 
0.75 
7.50 
4.84 
8.22 
9.39 
7.01 
9.06 
10.68 
4.00 
7.87 
9.27 
21 0 
0.75 
7.50 
8.68 
7.26 
9.44 
8.31 
7.30 
9.55 O
H
O
 
Zn concentration (ppm) Zn yield (gg/pot) 
Replication Replication 
1 2 3 1 2 3 
25.2 28.9 24.6 198 261 176 
26.0 30.2 27.5 231 257 219 
39.6 40.0 40.0 353 322 330 
20.9 20.6 18.6 150 159 130 
23.0 34.6 21.3 184 236 171 
39.4 35.2 34.9 365 309 283 
23.4 16.3 20.6 68 34 67 
30.2 26.6 26.4 103 97 93 
63.0 58.9 50.0 282 292 236 
26.8 26.0 21.4 269 236 209 
30.2 25.1 22.3 284 273 209 
40.7 40.1 31.5 402 448 256 
33.3 27.6 32.2 181 142 172 
34.0 35.4 32.0 183 180 - 205 
49.4 53.3 48.0 358 391 284 
21.0 30.3 31.7 102 212 127 
26.2 24.5 23.0 215 222 181 
34.7 32.8 31.2 326 350 289 
22.6 22.5 22.0 196 187 117 
26.4 23.6 21.2 192 172 155 
33.3 35.7 33.5 314 341 258 
Table A-2, (Continued) 
Treatment — ™. yield Wvoil 
Soil 
no. 
(mg ZiV 
pot) 1 
Replication 
2 3 
22 0 
0.75 
7.50 
2.73 
4.13 
5.22 
4.05 
4.04 
5.77 
3.46 
4.67 
4.67 
23 0 
0.75 
7.50 
2.05 
2.00 
5.05 
2.71 
2.90 
4.99 
1.95 
2.29 
2.74 
24 0 
0.75 
7.50 
6.4o 
7.30 
8.50 
6.49 
7.30 
7.23 
5.19 
8.10 
6.75 
25 0 
0.75 
7.50 
6.39 
6.46 
7.79 
4.30 
6.39 
6.66 
4.14 
5.32 
6.22 
26 0 
0.75 
7.50 
7.72 
6.69 
8.16 
7.33 
8.30 
7.53 
7.64 
6.49 
6.49 
27 0 
0.75 
7.50 
6.70 
4.97 
S.27 
6.72 
7.60 
5.87 
7.13 
7.21 
7.57 
28 0 
0.75 
7.50 
6.44 
7.27 
6.80 
5.65 
7.06 
7.63 
6.80 
8.53 
6.83 
Zn concentration (PPÏÏI) Zn yield (ug/pot)* 
Replication Replication 
1 2 3 1 2 3 
24.3 20.8 20.5 66 84 71 
22.7 22.7 19.5 94 92 91 
37.9 38.6 34.2 198 223 160 
23.6 16.6 16.8 43 45 33 
32.0 23.6 25.3 64 68 58 
45.4 46.3 62.0 229 231 170 
22.7 19.7 20.5 145 128 106 
23.8 21.5 18.7 174 157 151 
39.9 34.0 33.6 339 246 227 
19.9 17.0 18.2 127 73 75 
25.0 21.0 23.4 162 134 124 
47.9 51.0 46.8 373 340 291 
25.1 24.3 25.6 194 178 196 
23.9 24.3 23.5 160 202 153 
36.2 36.6 35.0 295 276 227 
35.7 32.2 36.4 239 216 260 
40.1 27.5 30.3 199 209 218 
45.4 42.4 39.0 375 249 295 
39.2 40.0 33.4 252 226 227 
37.5 40.1 38.1 273 283 325 
59.5 55.9 60,9 405 427 416 
Table A-2. (Continued) 
Treatment DM yield (g/pot) Zn concentration (ppm) Zn yield (ug/pot) 
Soil mg Zr\/ Replication Replication Replication 
no. pot) 1 2 3 1 2 3 1 2 3 
29 0 
0.75 
7.50 
6.25 
9.66 
10.19 
6.74 
9.53 
7.65 
7.50 
8.79 
9.24 
39.9 
29.3 
43.4 
25.4 
26.2 
46.4 
25.2 
26.0 
39.0 
249 
283 
440 
171 
250 
355 
189 
229 
360 
30 0 
0.75 
7.50 
9.06 
9.67 
9.36 
9.81 
9.86 
9.25 
8.38 
9.84 
10.89 
21.6 
50.0 
42.5 
18.0 
37.8 
44.5 
19.5 
40.0 
44.2 
196 
484 
398 
177 
373 
412 
163 
Experiment 2 
DM yield (g/pot) Zn concentration (ppm) Zn yield (ug/pot) 
1 
Replication 
2 3 1 
Replication 
2 3 1 
Replication 
2 3 
1 0 
7.50 
42.3 
44.3 
36.0 
40.9 
44.6 
46.0 
16.2 
33.3 
17.6 
28.6 
12.9 
29.2 
685 
1475 
633 
ii69 
575 
1343 
2 0 
7.50 
35.0 
38.5 
30.5 
34.7 
30.2 
318.3 
10.7 
23.5 
10.5 
33.5 
12.0 
30.0 
374 
904 
320 
1162 
363 
1149 
3 0 
7.50 
25.5 
28.8 
26.4 
28.9 
2:7.2 
31.1 
16.0 
25.8 
16.9 
21.5 
17.8 
27.7 
408 
743 
483 
621 
484 
861 
4 0 
7.50 
14.7 
26.1 
11.2 
26.0 
15.1 
27.3 
18.0 
20.0 
12.4 
28.4 
16.4 
51.0 
265 
522 
139 
738 
248 
1392 
Table A-2. (Continued) 
Tr-eatment DM yield (g/pot) Zn concentration (ppm) Zn yield (ug/pot) 
Soil 
no. 
(mg Zn/ 
pot) 1 
Replication 
2 3 1 
Replication 
2 3 1 
Replication 
2 3 
5 0 
7.50 
12.8 
20.8 
11.0 
22.2 
12.9 
24.3 
10.4 
30.6 
12.6 
29.2 
14.4 
24.6 m 
186 
598 
6 0 
7.50 
14.3 
25.7 
12.9 
20.9 
15.3 
23.0 
9.2 
28.3 
14.2 
31.0 
10.7 
26.0 
132 
727 
183 
648 
164 
598 
7 0 
7.50 
25.8 
38.9 
30.7 
36.5 
32.0 
42.6 
11.5 
18.4 
17.4 
21.8 
18.0 
19.6 
297 
716 
534 
796 
576 
835 
8 0 
7.50 
10.2 
27.2 
11.0 
26.4 
9.4 
28.3 
7.0 
23.0 
10.7 
35.0 
8.2 
19.4 626 
118 
924 
77 
549 
9 0 
7.50 
16.7 
39.0 
22.0 
30.6 
18.8 
33.4 
8.2 
21.9 
24.2 
41.8 
12.6 
17.8 
532 
1279 
237 
595 
10 0 
7.50 
27.2 
39.2 
26.8 
35.0 
28.0 
43.7 
14.9 
2:0.0 
21.8 
25.0 
15.0 
17.0 
405 
784 
584 
875 
420 
743 
11 0 
7.50 
28.9 
39.0 
24.6 
27.9 
35.1 
35.9 
13.3 
20.7 
19.7 
30.5 
20.5 
22.2 
384 
1044 
485 
907 
720 
796 
12 0 
7.50 
3.6.8 
43.7 
36.0 
43.5 
36.1 
44.3 
8.7 
29.2 
14.6 
3O0O 
10.7 
39.0 
320 
1276 
525 
1305 
386 
1728 
13 0 
7.50 
30.3 
34.6 
28.0 
34.2 
31.3 
38.0 
13.2 
29.8 
16,0 
25.5 
14.6 
38.2 
400 
1031 
448 
872 
457 
1452 
14 0 
7.50 
16.0 
20.0 
12.0 
19.8 
14.8 
21.9 
8.9 
23.0 
10.4 
23.9 
20.7 
43.3 
142 
460 
125 
473 
306 
948 
Table A~2, (Continued) 
Treatment —aUlield (a/pot). 
Soil (tag ZiV Replication 
no. pot) 1 2 3 
15 0 
7.50 
40.6 
34.6 
36.4 
34.2 
42.0 
38.0 
16 0 
7.50 
9.9 
34.9 
10.4 
35.0 
9.8 
35.2 
17 0 
7.50 
42.5 
45.3 
37.2 
41.0 
41.0 
43.6 
18 0 
7.50 
36.7 
33.3 
31.0 
30.0 
34.2 
37.5 
19 0 
7.50 
40.2 
43.7 
39.7 
40.0 
41.5 
41.8 
20 0 
7.50 
3.9 
25.4 
4.8 
26.5 
3.3 
29.1 
21 0 
7.50 
3.9 
38.9 
3.8 
33.3 
4.7 
30.1 
22 0 
7.50 
43.6 
43.6 
40.8 
40.8 
46.0 
48.5 
23 0 
7.50 
38.6 
37.5 
35.2 
38.1 
41.3 
42.1 
24 0 
7.50 
42.5 
42.6 
38.0 
44.0 
42.9 
42.2 
r 
Zn concentration (ppm) Zn yield (gg/pot) 
Replication Replication 
1 2 3 1 2 3 
20.2 
29.8 
19.1 
25.5 
19.0 
38,2 
820 
1031 
695 
872 
798 
1452 
8.6 
15.2 
9.1 
15.6 
12.6 
13.9 
85 
530 
94 
546 
123 
489 
9.5 
20.0 
13.9 
20.3 
20.0 
30.2 
404 
906 
517 
82 
820 
1317 
11.5 
26.6 
27.0 
25.0 
12.0 
34.7 
422 
886 
837 
750 
410 
1301 
26.4 
31.9 
19.2 
26.6 
16.3 
27.8 
1061 
1394 
762 
1064 
676 
1162 
8.6 
20.9 
11.4 
23.2 
12.8 
14.4 
33 
531 615 
42 
419 
6.2 
17.2 
12.2 
16.2 
6.5 
16.0 
24 
669 
46 
539 
,31 
482 
14.6 
40.8 
18.6 
26.3 
10.5 
31.3 
637 
1779 
759 
1073 
483 
I5I8 
13.6 
34.5 
16.8 
38.1 
17.0 
31.4 
525 
1294 
591 
1452 
702 
1322 
cm 
cm 
h
 cm 19.0 
23.2 
12.7 
31.4 
731 
1116 
722 
1021 
545 
1325 
Table A-2. (Continued) 
Treatment Bi yield (a^JojO. 
Soil (mg ZiV Replication 
no, pot) 1 
0 
7.50 
28.6 
43.8 
0 
7.50 
4t4.1 
44.3 
0 
7.50 
44.3 
4k4.3 
0 
7.50 
41.2 
40.3 
0 
7.50 
27.5 
38.8 
0 
7.50 ïtl 
0 
7.50 
19.8 
25.1 
0 
7.50 
24.6 
31.6 
0 
7.50 
41.8 
42.4 
0 
7.50 
42.5 
42.3 
2 3 
25.3 
40.8 
3%.8 
44.8 
43.7 
39.2 
44.1 
48.4 
00 
39.6 
49.5 
33.0 
36.1 
42.0 
42.1 
21.0 
39.5 
24.7 
40.6 
34.9 
34.8 
40.6 
4,2.9 
20.6 
23.4 
23.7 
26.7 
25.8 
27.8 
26.5 
30.4 
37.0 
42.0 
40.6 
46.4 
42.0 
37.9 
44.1 
42.4 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
Zn concentration (ppm) Zn yield Cug/pot) 
Replication Replication 
1 2 3 1 2 3 
18.8 
26.0 
14.5 
26.8 
14.9 
24.7 
538 
1139 
367 
1093 
#9 
1107 
1#.6 
19.1 
17.4 
29.4 
14.2 
28.9 
864 
799 
760 
1:52 
6^6 
1399 
12U2 
2^\g 
14,7, 
28.0 
19x6 
26.3 
540 
1152 127% 
7M' 
130% 
10.0 
31.8 
13.0 
29.8 
10.0 
26.0 
412 
1282 
429 
1076 
420 
1095 
8.0 
19.5 
15.0 
24.2 
8.7 
15.6 
220 
757 
315 
956 
215 
633 
10.8 
27.2 
24.7 
30.6 
23.7 
24.1 
409 
1159 
862 
1065 
962 
1034 
12.0 
21.0 
16.4 
19.3 
13.2 
20.7 
238 
527 
338 
452 
313 
523 
10.5 
24.0 
13.7 
21.0 
11.0 
20.1 
258 
758 
353 
584 
292 
611 
15.0 
27.5 
11.2 
32.4 
11.4 
31.3 
627 
1166 
414 
1361 
463 
1452 
20.2 
26.6 
17.2 
26.0 
12.1 
25.3 
856 
1125 
722 
985 
534 
1073 
Table A-2. (Continued) 
Treatment 
(mg Zn/ 
pot) 
DM yield (g/pot) Zn concentration (ppm) Zn yield (ug/pot) 
Soil 
no. 1 
Replication 
2 3 1 
Replication 
2 3 1 
Replication 
2 3 
35 0 
7.50 
27,8 
33.6 
25.6 
28.9 
27.7 
32.2 
11.4 
21.0 
15.0 
27.2 
11.0 
19.0 
317 
706 
384 305 
786 612 
36 0 
7.50 
33.5 
38.9 
26.3 
32.7 
32.7 
37.2 
8.0 
17.5 
10.7 
22.5 
8.5 
22.0 
268 
681 
281 278 
735 819 
37 0 
7.50 
26.9 
35.1 
25.5 
36.0 
CO 0
0 
0
 
8.6 
29.5 
9.0 
21.2 
10.4 
21.0 
231 
1035 
230 300 
763 855 
272 
Table A-3. Dates of application and quantities of supple­
mental nutrients applied to plants in greenhouse 
Experiments 1 and 2^ 
Date of — 
application N 
Nutrients added (me/pot) 
K Mg Fe Mn Cu B 
12-28-69 
1-6-70 
1-13-70 
1-20-70 
1-25-70 
200 
125 
125 
125 
125 
Experiment 1 
200 246 50 66 
100 123 25 33 
5 
5 
12 
Total 700 300 369 75 99 15 12 
7-2-71 
7-15-71 
7-23-71 
7-29-71 
8-3-71 
200 
200 
200 
200 
200 
Experiment 2 
200 246 50 66 
200 246 72 12 4 2 
Total 1000 400 492 100 138 10 12 4 2 
In Experiment 1 all nutrients were added through a tube 
to a lower sand layer. In Experiment 2 the first application 
was mixed with the soil and all following applications were 
added to the soil surface. 
